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ABSTRACT
Coral reefs are valued over trillions of dollars and are becoming increasingly
degraded due to global climate change. Ocean warming disrupts the symbiotic relationship
between corals and their algal symbiont, Symbiodinaceae, leading to severe energetic
reduction and increased mortality. Recent studies have identified the potential for
beneficial within-generational and cross-generational acclimatization to mitigate the
impacts of future environmental change, however the mechanisms and outcomes remain
understudied in tropical corals. Here, I present three manuscripts testing different
mechanisms of within- and cross-generational acclimatization in corals to understand the
long-term consequences of ocean warming. First, we tested the hypothesis that the survival
in response to thermal stress is dependent on the metabolic capacity of the coral holobiont
and associated microbial partners. We designed a 52-day thermal stress experiment on
adult Porites astreoides colonies and examined physiological, microbiome, and
metabolomic profiles. We determined that prior to thermal stress, colonies that exhibited
higher metabolic capacity and more diverse bacterial communities survived prolonged
bleaching with no tissue loss. During late-stage bleaching, colonies that primarily utilized
carbohydrate storage showed signs of mortality, indicating that catabolizing multiple
energy reserves, as opposed to just carbohydrates, may be an effective strategy in surviving
bleaching events. To expand our understanding on the cross-generational consequences of
coral bleaching, the next experiment tested the hypothesis that environmental memory
plays a significant role in the physiological outcomes in response to thermal stress within
and across coral generations. We designed a year-long experiment to manipulate eight
different thermal histories in adult corals and monitored the physiological impacts on the
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adult colonies and subsequent offspring. Site of origin was the main predictor in
determining the physiological responses at both adult and larval stages when assessing
coral metabolic capacity and energetic reserves. Increased endosymbiont plasticity was
observed in parental colonies and subsequent offspring who experienced a simulated
bleaching event the year prior, outlining the long-term multigenerational impacts of
thermal stress on corals. The final study tested the hypothesis that DNA methylation is a
mechanism of environmental memory in corals and can be inherited across generations.
Epigenetic mechanisms, such as DNA methylation, can be environmentally sensitive and
heritable across generations, thus are a likely mechanism for the inheritance of phenotypic
traits. We performed whole-genome bisulfite sequencing on adult colonies and their larvae
from four different manipulated thermal histories to generate single-base pair resolution of
DNA methylation data to test the effects of parental site of origin, a previous simulated
bleaching event, and life stage. We determined parental site of origin was the main
predictor of DNA methylation patterns at adult and larval life stages, with increased
methylation on genes associated with cellular stress response, thermal stress, and innate
immunity in samples originating from the more thermally challenging collection
environment. Our results further support the role of epigenetic inheritance as a mechanism
for environmental memory within and across generations. Together, the results from this
dissertation identifies key drivers and mechanisms leading to the resilience of corals to
ocean warming across generations, which is critical to forecast the future state of coral
reefs.
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PREFACE

Coral reefs are the backbone of most marine ecosystems, as they support large
amounts of biodiversity, provide essential ecosystem services, and have high socioeconomic value. With current climate change predictions, coral reefs persistence is
threatened in the near future, thus further research is needed to understand adaptive and
acclimatory mechanisms. This work uses a suite of molecular tools to understand the
physiological outcomes of thermal stress on corals across generations. I am intrigued by
the concept of leveraging “memory” to prepare for the future. This dissertation seeks to
determine how corals will cope with global warming, the mechanisms behind phenotypic
variation, and climate change consequences from cellular to whole organismal
perspectives.
This dissertation is written in a “Manuscript format”, with each chapter as a
separate publishable unit. Each chapter is published or in preparation for submission.
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ABSTRACT
Tropical reef-building corals are experiencing severe population declines due to
global warming triggering frequent bleaching events. Coral bleaching results from the
dysbiosis of the host coral and algal endosymbiont, Symbiodiniaceae. Recent studies have
observed intra-specific differences in bleaching tolerance and mortality, suggesting that
thermal stress does not impact all colonies equally, or elicit the same outcome (i.e. recovery
or mortality). This study aims to determine the underlying mechanisms that lead to coral
bleaching outcomes through a multi-omic approach of the coral holobiont. Adult Porites
astreoides were subjected to 28°C or 31°C for 52 Days and at the end of the experiment,
three phenotype groups were identified: “Control” phenotype were colonies in the 28°C
treatment and experienced no tissue loss, “Bleached” phenotype were colonies in the 31°C
treatment and experienced bleaching but no tissue loss, and “Partial-Mortality” phenotype
were colonies in the 31°C treatment, experienced bleaching, and showed signs of tissue
loss. Each colony was sampled at Day 0, 37, and 52 for physiological measurements
(photosynthesis, respiration, endosymbiont density, chlorophyll a, host and endosymbiont
total protein, and host and endosymbiont carbohydrates), microbiome profiling (16S rRNA
amplicon sequencing) and untargeted holobiont metabolomic profiling (LC-MS/MS). We
found that prior to thermal stress, colonies that exhibited higher photosynthetic to
respiration rate ratios and more diverse bacterial communities survived prolonged
bleaching with no tissue loss. During late-stage bleaching, colonies that exhibited increased
carbohydrate utilization also showed signs of visual tissue loss, indicating that catabolizing
multiple energy reserves, as opposed to just carbohydrates, may be an effective strategy in
surviving bleaching events. Through our integrative microbiome-metabolome analysis, we
identified glycerate as a key metabolite correlating with changes in the microbiome under
2

thermal stress. We suggest that glycerate may play a role in photosystem II repair, thus
enabling photosynthesis to occur under higher temperatures. This multi-omic approach to
coral bleaching phenotypes allows a unique insight into the holobiont mechanisms leading
to survival or mortality under thermal stress.
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INTRODUCTION
Contributing over trillions of dollars in resources and services, coral reefs are key
in preventing shoreline erosion, aiding fisheries, promoting marine biodiversity, and
increasing eco-tourism (Costanza 2014). Recently, global coral cover has declined due to
the increased frequency and intensity of disturbance events (Hughes et al. 2017). Increased
seawater temperature above the annual maximum disrupts the symbiotic relationship
between corals and their algal symbionts, Symbiodiniaceae (LaJeunesse et al. 2018),
leading to severe energetic reduction and increased mortality which is commonly referred
to as “coral bleaching” (Glynn 1996). The outcomes of coral bleaching (i.e., bleaching
resistance, bleaching and mortality, or bleaching and survival) are highly variable across
species (e.g. Grottoli et al. 2014), populations (e.g. Barshis et al. 2013), and individuals
(e.g. Matsuda et al. 2020). This has been exemplified clearly by differential bleaching
phenotypes in conspecifics immediately adjacent, or in close proximity to each other
(Matsuda et al. 2020; Ritson-Williams and Gates 2020). Thus, it is critical that we
understand not only the environmental factors that drive variation in bleaching responses,
but also the individual physiological and molecular mechanisms that determine these
outcomes.
Coral bleaching is an energetically costly consequence of stress that commonly
leads to mortality, however survival after bleaching is possible if stress returns below
physiological thresholds (Putnam et al. 2017), or if alternative energy acquisition is used,
including catabolism of stored reserves and heterotrophic feeding (Grottoli, Rodrigues, and
Palardy 2006). However, the holobiont mechanisms that determine whether a coral will (1)
bleach and recover, or (2) bleach and subsequently experience partial or full mortality
remain unclear. In order to address this, direct comparisons of molecular and physiological
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responses of these phenotypes is necessary. Metabolomics (i.e. the study of metabolites:
molecules synthesized by cellular metabolic processes) is a widely used tool to identify
rapid changes in cellular physiology and to describe energy allocation and metabolism in
an organism. Metabolomics is a highly sensitive tool becoming increasingly useful to
understand metabolic states in marine non-model organisms such as corals (Pathmanathan
et al. 2021; Williams et al. 2021; Hillyer et al. 2017b; Sogin et al. 2016; Roach et al. 2021).
Given the energetic consequences of stress and coral bleaching, it is important to
understand variation in coral metabolic states that may contribute to mortality or survival
outcomes.
Metabolic state is not determined singularly by the coral, but as a collective unit
with all associated holobiont members. The coral holobiont is composed of a consortium
of different organisms including the coral animal (host), endosymbiotic Symbiodinaceae
and endolithic algae, bacteria, viruses, fungi, and protists, which all play a critical role in
host organismal functionality and response to environmental change (Voolstra et al. 2021).
For example, although Symbiodinaceae are primarily responsible for photosynthate
(carbon in the form of glucose) transfer and therefore nutritional supply to the coral host,
bacterial communities fix other necessary nutrients, such as nitrogen (Pogoreutz et al.
2017; Voolstra et al. 2021). Additionally, the coral microbiome (Santoro et al. 2021) or
endolithic algae (Fine and Loya, 2002) can mitigate the impacts of thermal stress through
supplementing metabolites that would otherwise be provided by the Symbiodinaceae and
are lost during bleaching. Due to the metabolic changes in corals under thermal stress
events resulting in differential outcomes (i.e. bleaching or mortality), it is essential to not
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only understand the physiological differences, but also the metabolite pools potentially
contributed from symbiotic partners such as the microbiome.
In this study, we aimed to understand the physiological, bacterial, and holobiont
metabolomic features that underlie differential bleaching phenotypes (“mortality” vs
“bleached”) in response to chronic thermal stress in the common reef-building coral,
Porites astreoides. Porites spp are among the most stress resistant corals (Loya et al. 2001;
Fabricius et al. 2011). P. astreoides in particular is a resilient Caribbean coral that can
inhabit a wide range of environmental conditions (Green, Edmunds, and Carpenter 2008),
however, is still susceptible to bleaching (Kenkel, Meyer, and Matz 2013; Grottoli et al.
2014; Wong et al. 2021). The goals of this study are to test the hypotheses that: (1) thermal
stress leads to a shift in physiological, metabolome, and microbiome profiles; (2) there
will be differences in in physiological, metabolome, and microbiome profiles between
those corals with the Bleached and Partial-Mortality phenotypes; and (3) that shifts in the
microbiome will influence the metabolome, which will be seen as different metabolomic
and microbiome correlations under thermal stress. By understanding the phenotypic
variations of bleaching and mortality at a molecular level in more thermally resistant and
more sensitive corals, we can further clarify the mechanisms leading to survivorship under
prolonged thermal stress and provide insight on the future state of coral reefs.

METHODS
Experimental design and sample collection
Forty adult Porites astreoides colonies (~15cm diameter) were collected from Hog
Reef (~10 m depth; 32°27′26″N, 64°50′05″W) via SCUBA with a hammer and chisel and
transported back to the Bermuda Institute of Ocean Sciences (BIOS) on July 5th, 2019.
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The colonies were held under ambient tank conditions (28°C) for 5 days at an outdoor
mesocosm facility at the BIOS. After this acclimation period, the colonies were randomly
assigned to each outdoor common garden tank (one 1440 liter flow through tank per
condition with incoming water filtered with a Pentair Triton II TR100 sand filter). For the
heated treatment condition, the colonies experienced a 5-day heat ramping period of
(0.5°C/day) until a daily average of 31°C was achieved. After each target temperature was
achieved, the adult corals either experienced 28°C or 31°C for 46 days, with a total 52-day
experimental period including the temperature ramping period (Fig. 1). Experimental
temperatures were independently controlled using heaters (AccuTherm Heater 300 W) and
pumps. Environmental parameters were monitored daily at 9:00, 13:00, and 18:00 h using
a handheld digital thermometer (Traceable Digital Thermometer; accuracy = ± 0.05°C;
resolution = 0.0001°C), total scale glass pH probe (Mettler Toledo InLab Expert Pro pH
probe #51343101; accuracy = ± 0.2 mV, resolution = 0.1 mV) with a handheld meter
(Thermo Scientific Orion™ Star A series A325), salinity (psu) was measured with a
conductivity probe (Thermo Scientific Orion™ DuraProbe™ 4-Cell Conductivity Probes
#013005MD) and handheld meter (Thermo Scientific Orion™ Star A series A325), and
light with an underwater quantum sensor (LI-192, LI-COR Inc., Lincoln, NE, USA) and
handheld logger (LI-1500, LI-COR Inc., Lincoln, NE, USA. Additionally, tank
temperatures were recorded every 10 minutes using HOBO loggers (HOBO Water
Temperature Pro v2 Data logger, Onset, USA). During the experimental period, the
colonies were sampled at 3 timepoints: Day 0 (0 hours before temperature ramp) and Day
37 and Day 52 of exposure to treatment conditions. At each sampling time point, the adult
colonies were photographed for tissue mortality assessment, and photosynthesis and
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respiration rates were measured. Additionally, tissue biopsies were taken with a sterile
hammer and chisel, snap frozen in liquid nitrogen, and stored at -80°C for later
physiological and molecular analyses.
At Day 52, the colonies were categorized into the following three phenotypes: (1)
Control: colonies in the 28°C treatment with no tissue loss, (2) Bleached: colonies in the
31°C treatment with visual signs of bleaching but no tissue loss, and (3) Partial-Mortality:
colonies in the 31°C treatment with visual signs of bleaching and tissue loss. Five colonies
(n=5 per phenotype) were randomly selected from each phenotype group for downstream
physiology, metabolomics, and microbiome analyses for each timepoint (Day 0, Day 37,
Day 52).
Although there is no tank replication in this study, this experimental design allows
the unique opportunity to elucidate phenotypes emerging from a common garden setting.
This is especially practical in a microbiome sense, as any differences between the Bleached
and Partial-Mortality group means that these colonies are experiencing the exact same tank
conditions but are resulting in differential phenotypes. A similar common garden approach
was performed in Thailand to understand the changes in microbiome communities under
thermal stress (Pootakham et al. 2019). The control tank allows us to control for any tank
acclimation effects throughout the experiment. Therefore, any “Day” effect is attributed to
tank effects, and any “Group'' effects between the Bleached and Partial-Mortality groups
are contributors to the differential phenotypes. This experimental design has the potential
to confound thermal stress with a tank effect, therefore this chapter focuses primarily on
the differences observed between the Bleached and Partial-Mortality groups.
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Physiological measurements and analysis
Net photosynthesis and light enhanced dark respiration rates (LEDR) were
measured in individual 21-L glass aquaria as described in Wong et al. 2021. Briefly,
modeling clay was used to cover any non-living coral tissue on the adult colony and placed
in indoor aquaria with a water pump (300-L h-1) to maintain circulation. Each aquaria was
fitted with a custom made plexi-glass cover with premade holes for the fiber-optic oxygen
dipping probes (DP-PSt7-10-L2.5-ST10-YOP, Presens) and temperature probes (6Pt1000,
PreSens) to measure oxygen concentration every second using a temperature corrected,
multi-channel oxygen meter (Oxy10, PreSens). Photosynthetic rates were measured for 20
minutes in at 450 µmol photons m-2 s-1 as determined by the saturating light level from
performing net photosynthesis curves as a function of photon flux density (PFD, commonly
referred to as Photosynthesis-Irradiance (PI) curves) before each timepoint (Supplementary
Figure 2). Immediately following the photosynthesis trials, Light Enhanced Dark
Respiration (LEDR, (Edmunds and Davies 1988)) was measured in the dark for 20 minutes.
All photosynthesis and LEDR trials were measured at the coral’s respective treatment
temperature (28°C or 31°C). Temperatures were maintained via two circulating water baths
with heaters (AccuTherm Heater 300 W) and chillers (AquaEuroUSA Max Chill-1/13 HP
Chiller). A blank chamber was measured simultaneously for each corresponding
temperature treatment and time point. Rates of oxygen flux were calculated using a
repeated local linear regression analysis (LolinR; (Olito et al. 2017) in R (R Core Team,
2013). Calculated rates were corrected by subtracting blank measurement values and then
normalized to chamber volume and surface area of the hemispherical colonies using the
aluminum foil method before and after fragmentation (Marsh 1970). Gross photosynthetic
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rates were calculated by adding the measured rates of net photosynthesis with the absolute
value of measured LEDR.
To remove the holobiont tissue from the skeleton, the flash-frozen fragments were
airbrushed with 1X phosphate buffer saline (PBS) solution and homogenized with a PRO
Scientific Bio-Gen PRO200 Homogenizer. After the tissue was removed, each skeleton
was placed in 20% bleach for 24 hours and dried for 48 hours before measuring surface
area with Image J (Gallagher 2010). This surface area measurement was used as a
normalization metric for all physiological metrics except the photosynthesis and respiration
measurements, where the foil method (Marsh 1970) was used as described above. The
homogenate was aliquoted into individual centrifuge tubes for each physiological analysis.
To separate coral host and symbiont tissues, 1 mL of homogenate was centrifuged at 13000
g for 3 minutes. The supernatant (i.e. coral host fraction) was transferred to a new
centrifuge tube and the remaining symbiont pellet was resuspended in 1X PBS (symbiont
fraction). Both fractions were stored at -80°C until further physiological processing.
Algal endosymbiont densities were quantified by performing replicate cell counts
(n=6 sample-1) on a hemocytometer and normalized to the fragment surface area (cm-2).
Chlorophyll a content was quantified by centrifuging 1 mL of holobiont homogenate at
13,000 g for 3 minutes to separate the coral host and symbiont tissues. The symbiont pellet
was then resuspended in 1 mL of 100% acetone and placed in the dark at 4°C for 24 hours.
200 μL of the pigment extract was measured with a plate spectrophotometer (Synergy HTX
Multi-Mode Reader, BioTek, USA) at 630, 663 and 750 nm on a 96-well quartz microplate
(HellmaⓇ Analytics, USA). Chlorophyll a concentrations were corrected for path length
(0.584 cm) of the wells in the 96-well quartz microplate and calculated from the
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chlorophyll a concentration specific for dinoflagellates in 100% acetone (Jeffrey and
Humphrey 1975), then normalized to fragment surface area (cm-2) and cell density (cell-1).
Eqn 1: Chl 𝑎 =

(11.43 x (E!!" $% − E&'( $% ) − 0.64 × (E!"( $% − E&'( $% ))
0.584

The host and symbiont fractions analyzed for total protein were solubilized with
0.1M NaOH, incubated at 90°C for 1 hour, then neutralized with 1M HCl to ~pH 7.5. The
Pierce BCA Protein Assay Kit (Pierce Biotechnology) was used to quantify total protein
(soluble+insoluble protein) and the absorbance was measured at 562 nm using a microplate
spectrophotometer (Synergy HTX Multi-Mode Reader, BioTek). Total protein
concentrations were calculated from the standard curve of bovine serum albumin (BSA)
accounting for sample dilutions, and normalized for host to fragment surface area (cm-2)
and for symbionts to cell density (cell-1). Total carbohydrates of both host and symbiont
fractions were quantified using methods from (J. H. Baumann et al. 2021) using the sulfuric
acid incubation method (Masuko et al. 2005). Briefly, 100 μL of sample was diluted with
900 μL of milliQ water and a standard curve ranging from 0-0.901 mg/mL of glucose
(Sigma-Aldrich, St. Louis, MO, USA) was created. 25 uL of phenol (Thermo Fisher
Scientific, Waltham, MA, USA) and 2.5 mL of 18M sulphuric acid (Carolina Biological
Supply Company, Burlington, NC, USA) was added to each sample or standard and
incubated at room temperature in a water bath for 30 minutes. 200 uL of each sample or
standard was transferred to a 96 well plate and read on a plate spectrophotometer (Synergy
HTX Multi-Mode Reader, BioTek, USA) at 485 nm in triplicates. Total carbohydrate
concentrations were calculated from the standard curve of glucose accounting for sample
dilutions and normalized to for host to fragment surface area (cm-2) and for symbionts to
cell density (cell-1).

11

After all data normalizations, parametric assumption (homogeneity of variances
and normality) for each physiological parameter was visually assessed before performing
a general linear mixed effect model with Group (Control, Bleached, Mortality) and Day (0,
37, or 52) as fixed effects and colony as a random intercept to account for the repeat
sampling of colonies. All general linear mixed effect models were run using the lme4
package in R (Bates et al. 2014). All physiological parameters were then visualized in
multivariate space using a principal component analysis. A Permutational Multivariate
Analysis of Variance (PERMANOVA) adonis2 test in the vegan package v2.5.5 (Dixon
2003) was performed to determine the variation in multivariate physiological profiles
between Groups over time.

Genomic DNA isolation
Genomic DNA was extracted using the Duet DNA/RNA Miniprep Plus Kit (Cat #
D7003, Zymo Research, Irvine, CA, USA) with modifications to the sample preparation
steps. Frozen fragments were clipped and placed in 500uL of DNA/RNA shield with
0.5mm glass beads (Fisher Scientific Catalog No. 15-340-152). The samples were
homogenized by vortexing for 2 minutes. 400uL of the supernatant was removed and
transferred to a new tube and centrifuged at 9000 rcf for 3 minutes to remove any debris.
300 uL of the supernatant was transferred to a new tube with 30 μL of Proteinase K
digestion buffer and 15 μL of Proteinase K. After a brief vortex and centrifugation, 345 μL
of lysis buffer was added and extraction was continued as outlined in the manufacturer’s
protocol. DNA concentration was quantified using the Qubit DNA Broad Range kit
(Invitrogen, Waltham, MA, USA) on a Thermo Fisher Qubit Fluorometer and integrity on
a 1% agarose gel.
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16S rRNA amplicon sequencing
To characterize the microbial communities, all samples were amplified in
triplicates via polymerase chain reaction (PCR) using bacterial forward 515F (5’-GTG
CCA GCM GCC GCG GTA A-3’) and reverse 806RB (5’-GGA CTA CNV GGG TWT
CTA AT-3’) primers (Apprill et al. 2015) to isolate the V4 hypervariable region of the 16S
ribosomal RNA gene. For each sample, triplicate PCRs were performed using 4 ng of input
DNA, 1X Phusion HiFi Mastermix (Thermofisher), 10 uM of each primer, and 10.5 µl of
Ultra-Pure water. Negative controls (no DNA input) were performed with each PCR
amplification. Thermocycler conditions were as follows: initial denaturation at 95°C for 2
min, 35 cycles of 95°C for 20s, 57°C for 15s, and 72°C for 5 min, followed by 72°C for 10
min for a final extension. Triplicate PCR products were pooled and run on a 2% agarose
gel to confirm successful amplification.
25 uL of 16S rRNA PCR products were sent to the RI-INBRE Molecular
Informatics Core at the University of Rhode Island (RI, USA) for the index PCR and
sequencing. In brief, PCR products from the first round of PCR were cleaned with
NucleoMag beads (Takara Bio, USA) and then visualized by agarose gel electrophoresis.
A second round of PCR (50 ng of template DNA, 8 cycles) was performed to attach Nextera
XT indices and adapters using the Illumina Nextera XT® Index Kit (Illumina, San Diego,
CA) and Phusion HF PCR master mix (Thermo Fisher Scientific, US). PCR products from
the second PCR were cleaned with NucleoMag beads and analyzed by agarose gel
electrophoresis. Selected samples were run on an Agilent BioAnalyzer DNA1000 chip
(Santa Clara, CA). Quantification was performed on all samples prior to pooling using a
Qubit fluorometer (Invitrogen, Carlsbad, CA, USA), and the final pooled library was
quantified by qPCR in a Roche LightCycler480 with the KAPA Biosystems Illumina Kit
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(KAPA Biosystems, Woburn, MA). Samples were analyzed using 2x300 bp paired-end
sequencing on an Illumina MiSeq (Illumina, San Diego, CA) at the RI-INBRE Molecular
Informatics Core.

16S rRNA data analysis
16S rRNA gene amplicon raw sequences were processed with QIIME 2 2021.8
(Bolyen et al. 2019). The raw read quality was assessed using FastQC (Andrews and Others
2010) and visualization using MultiQC (Ewels et al. 2016). Assessment of mean quality
scores identified truncating parameter choices and V4 primer length identified the choice
of 19 bp for forward reads and 20 bp for reverse reads. Following this assessment, the
DADA2 plug-in (Callahan et al. 2016) within QIIME2 (Bolyen et al. 2019) was used for
truncating the forward read to 260 bp and the reverse read to 230 bp (based off of the
quality control parameters above), denoising, and grouping sequences into amplicon
sequence variants (ASVs). Taxonomy was assigned to ASVs using the classify-sklearn
naïve Bayes taxonomy classifier against the Silva database (99% similarity, release #138)
(Bokulich et al. 2018). A count matrix containing the processed ASVs and taxonomic
information was exported for analysis in R (R Core Team, 2013) using vegan v2.5.5 (Dixon
2003) and phyloseq v1.28.0 (McMurdie and Holmes 2013) packages.
Sequences were subsampled to a sequencing depth of 2300, as this depth captured
the representative diversity of the samples which is shown by a plateau in the rarefaction
curve. This resulted in the removal of one sample from the Bleached Group at Day 52 due
to too few reads. A non-metric dimensional scaling analysis (NMDS) with a Bray-Curtis
dissimilarity metric was used to visualize the changes in the microbiome between
phenotype groups over time using the phyloseq package (McMurdie and Holmes 2013).
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Changes in beta-diversity between groups over time was analyzed with a PERMANOVA
using the adonis2 test in the vegan package v2.5.5 (Dixon 2003). Shannon diversity metrics
were calculated using the phyloseq package (McMurdie and Holmes 2013) for each sample
at the ASV level and analyzed using a two-way ANOVA to determine whether alpha
diversity varied between groups over time. Relative percent abundance was calculated at a
family level and visualized as a heatmap using the ggplot2 package (Wickham 2011). Only
bacterial families greater than 2.5% in relative abundance across all samples were
visualized to showcase the dominant bacterial families within this dataset. To determine
changes in relative percent abundance of bacterial families with >2.5% relative abundance,
a general linear mixed effect model was conducted within each bacterial family with Group
and Day as fixed effects and colony as a random intercept to account for the repeat
sampling of colonies. All parametric assumptions (homogeneity of variances and
normality) were assessed via visual inspection prior to statistical analyses.

Untargeted metabolomic profiling with LC-MS
Untargeted metabolomic profiling was performed similar to Williams et al. (2021).
Briefly, approximately 0.3 g of flash-frozen tissue was biopsied, weighed, and immediately
placed

into

1

mL

of

ice

cold

extraction

buffer

consisting

of

40:40:20

Methanol:Acetonitrile:Water with 0.5%[v/v] Formic acid on dry ice. After 5 minutes, the
sample was transferred to a sterile glass dounce and homogenized for 1 minute. Another
500 uL of cold extraction buffer was used to rinse the douce, then the entire sample was
strained through a 100 um cell strainer and transferred to a new centrifuge tube. The sample
was briefly vortexed and centrifuged for 10 minutes at 15000g at 4°C. 500 uL of the
supernatant was transferred to a new centrifuge tube and 44 uL of 15% ammonium
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bicarbonate was added. 100 uL of the neutralized sample was loaded into labeled
autosampler vials and stored at -80°C until LC/MS analyses. At the Metabolomics Core
Facility at Rutgers University, Hydrophilic Interaction Liquid Chromatography (HILIC)
separation was performed on a Vanquish Horizon Ultra-High-Performance Liquid
Chromatography (UHPLC) system (Thermo Fisher Scientific, Walkthan, MA) with
XBridge BEH Amide column (150 mm x 2.1 mm, 2.5 um particle size, Waters, Milford,
MA). The full scan mass spectrometry analysis was performed on a Thermo Q Exactive
PLUS with a Heated Electrospray Ionization (HESI) source. Mass Spectrometry (MS)
peaks were identified and assigned a metabolite name using MAVEN (Clasquin, Melamud,
and Rabinowitz 2012).
All UHPLC chromatography and mass spectrometry conditions for both positive
and negative ion modes were generated as described in (Williams et al. 2021). A feature
counts table for each sample under both polarities was created and exported for analyses
in R (R Core Team, 2013). If a metabolite (including both identified and unknown features)
was present at both positive and negative ion modes, the polarity with the higher mean
signal intensity across all samples was selected, so each metabolite was only present one
time in the dataset. Ion counts were normalized to input tissue weight, zero inflated by
1000, and log normalized. All normalized data (identified and unidentified features) was
first analyzed with a principal component analysis (PCA) to visualize separation between
Group and Day, and a PERMANOVA was performed to determine significant separation.
Second, a weighted correlation network analysis (WCNA) was used to identify groups of
metabolites that were correlated in abundance patterns between Group and Day (DiLeo et
al. 2011; Pei, Chen, and Zhang 2017; Langfelder and Horvath 2008). Eigenvalues from
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each module were plotted for a visual representation of the patterns between groups over
time. An Over Representation Analysis (ORA) for the identified metabolites in each of the
assigned modules was performed using MetaboAnalyst 5.0 (Pang et al. 2021) to determine
the overrepresented KEGG pathways.

Microbiome-metabolome integration
To determine if there are any correlations between metabolite pools and
microbiome profiles under thermal stress, we conducted an integrative microbe-metabolite
correlation analysis on the Day 52 (final) time point using DIABLO (Data Integration
Analysis for Biomarker discovery using Latent component method of Omics studies) from
the R package mixOmics (Rohart et al. 2017). First, the microbiome data was normalized
with a variance stabilizing transformation using DESeq2 (Love, Huber, and Anders 2014)
and the metabolomics data was normalized by sample input weight, zero inflated by 1000,
and log normalized. Second, Sparse Partial Least Squares Discriminant Analysis
(SPLSDA) was performed on each dataset independently to determine the number of
optimal components and features to include in the multi-omic block PLS-DA analysis. The
number of components needed to explain the most amount of variation in both datasets
were two, with 80 variables on the first component and 90 variables on the second
component for the metabolomics dataset and 2 variables on the first component and 290
variables on the second component for the microbiome dataset. A circos plot was created
to visualize strong positive and negative correlations between metabolites and microbial
community members at a family level (Figure 5A). A correlation cutoff of r>0.85 was used
as this was the highest r value that produced any correlations. Finally, a sankey network
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plot was used to visualize the positive correlations between individual metabolites and
ASVs at a family level (Figure 5B).

RESULTS
Environmental statistics
During the experimental period, temperature differed significantly (t = -183.73, pvalue < 0.001), with a mean of 28.44°C (SD±0.75°C) in the ambient tank and 31.09°C
(SD±0.75°C) in the heated tank. The pH did not differ between tanks (t = 1.0435, p-value
= 0.3086), with a mean pH on the total scale of 7.99 (SD±0.06) in the ambient tank and
7.96 (SD±0.09) in the heated tank. Additionally, salinity did not differ significantly
between the treatment tanks (t = -1.3292, p-value = 0.1966), with a mean salinity of 37.24
psu (SD±0.18 psu) in the ambient tank and 37.34 ppm (SD±0.21 ppm) in the heated tank.

Molecular data yield
A total of 2,021,037 raw reads were produced from 16S rRNA sequencing, which
was reduced to 1,038,002 reads after quality control. Sequence variance analysis and
taxonomic classification identified 265 bacterial orders and 385 families across all samples.
After subsampling to a sampling depth of 2300 reads per sample, 3420 ASVs remained
across 44 samples in our dataset. One sample, R19-52 from the Day 52 Bleached Group,
was removed during subsampling due to low read number.
Untargeted LC-MS/MS global metabolomic profiling detected 357 metabolites in
total, with 109 annotated features under the positive polarity, 120 annotated features under
the negative polarity, and 128 unannotated features under both polarities combined. After
quality control and removal of duplicate metabolites that were detected under both
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polarities, this resulted in a total dataset of 291 metabolites of which 163 were annotated
and 128 were unannotated. All annotated and unannotated metabolites were included in
subsequent analyses.

Multi-omic predictors of bleaching survivorship prior to thermal stress
To determine if there are any variables that are predictors of the resulting three
phenotypes at the end of the experiment (i.e. Bleached, Partial-Mortality, or Control), the
physiology, microbiome, and metabolome of these colonies were analyzed prior to the
thermal stress experiment (i.e. Day 0). Before the thermal stress occurred, the physiological
profiles of all experimental corals were not statistically different in terms of gross
photosynthesis (μmol cm-2 h-1), light-enhanced dark respiration (LEDR; μmol cm-2 h-1),
endosymbiont cell density (cells 106 cm-2), endosymbiont areal (μg cm-2) and cellular
chlorophyll a (μg cell-1), host total protein (mg cm-2), and endosymbiont cellular total
protein (mg cm-2) (Supplementary Figure 1A-L, Supplementary Table 1). The similarity in
physiological profiles are also showcased by the Day 0 PCA centroids overlap (Figure 2A).
However, P:R (photosynthesis:respiration) ratio (Supplementary Figure 1A), host total
protein (Supplementary Figure 1G), endosymbiont areal total protein (Supplementary
Figure 1H), and total carbohydrates (Supplementary Figure 1J) were all higher in the
Bleached colonies prior to the thermal stress.
The microbiome profiles of all three phenotype groups were also similar at Day 0
(Figure 3A). The Shannon alpha diversity index was highest in the Bleached colonies
compared to the Control and Partial-Mortality colonies at the beginning of the experiment
(Figure 3B). Control and Partial-Mortality colonies were initially dominated by
Endozoicomonadaceae (~90-95%), which was lower (~75%) in the Bleached colonies
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(Figure 3H). The Bleached colonies had higher relative abundances of the
Flavobacteriaceae (Figure 3G) and bacterial families binned in the <2.5% relative
abundances group (Figure 3K) than the Control and Partial-Mortality groups, which is
supported by the higher Shannon diversity indices for these colonies.
The metabolomic profiles were similar between all three phenotype groups (Figure
4A) at Day 0. The global metabolome of all samples categorized the metabolites into 5
different WCNA modules, of which 3 were associated with Day 0 timepoints (Figure 4B).
The “yellow” module was positively correlated with the Control Day 0 group (p < 0.001).
The 8 metabolites in this module were all annotated (Supplementary Table 3). L-alanine,
L-glutamine, guanine, L-isoleucine, L-leucine, L-methionine, L-phenylalanine, and Lvaline were all associated with the aminoacyl-tRNA biosynthesis pathway (p < 0.001) and
L-glutamine was associated with the D-glutamine and D-glutamate metabolism pathway
(p = 0.010, Figure 4C). Additionally, L-isoleucine, L-leucine, and L-valine were
overrepresented in both valine, leucine and isoleucine biosynthesis (p < 0.001), and
degradation pathways (p = 0.018, Figure 4C). The “blue” module was negatively correlated
with the Day 0 Bleached (p = 0.008) and Partial-Mortality (p = 0.02) groups (Figure 4B).
63 metabolites were assigned to this module, of which 20 were annotated and 43 were
unannotated (Supplementary Table 5). The arginine biosynthesis pathway was the only
pathway significantly overrepresented in this module and involved L-arginine, Nacetylornithine and ornithine (p = 0.046, Figure 4C). The “turquoise” module were
positively correlated with all Day 0 Groups (p(Bleached) = 0.03; p(Partial-Mortality) =
0.03; p(Control) = 0.003, Figure 4B). Of the 84 metabolites in this module, 15 were
annotated and 69 were unannotated (Supplementary Table 6). L-aspartic acid, nicotinamide
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riboside, and nicotinic acid were responsible for the overrepresentation of the nicotinate
and nicotinamide metabolism pathway in this module (p = 0.002, Figure 4C). The WCNA
results of the initial metabolomic profiles indicate no significant metabolites that are
predictors of Bleaching or Partial-Mortality phenotypes at the end of the experiment.

Multi-omic features of bleaching phenotypes under thermal stress
The physiological profiles of all three phenotype groups varied throughout the
experiment as shown with the PCA (Figure 2A; p(DayxGroup)=0.032). The first principal
component (PC1) explained 45.93% of the variation within the dataset and the second
principal component (PC2) explained 22.36%. PC1 primarily describes the change in
phenotypes between Day 0 and Day 37, and differences in the Bleached and Partial
Mortality groups at Day 52 (Figure 2A). The variation on PC1 was primarily driven by
responses that are associated with photosynthesis and metabolism (i.e. gross
photosynthesis, LEDR, P:R:, areal chlorophyll a, and endosymbiont cell density) (Figure
2B). In addition, cellular endosymbiont carbohydrate and protein content contributes to the
separation of Bleached, Partial Mortality, and Control groups at Day 52 along PC1. PC2
describes the overall changes in the Bleached and Partial-Morality groups between Day 37
and Day 52 (Figure 2A). Host and endosymbiont cellular structures and energy reserves
(i.e. host protein and carbohydrate content, areal symbiont protein and carbohydrate
content, and cellular chlorophyll a) contribute to the variation across PC2, separating the
Bleached and Partial-Mortality groups between Day 37 and Day 52 (Figure 2A).
Coral gross photosynthesis (μmol cm-2 h-1) varied by group and was dependent on
time during the experiment. Corals exhibited the highest gross photosynthesis rates at the
beginning of the experiment, followed by a sharp decline in gross photosynthesis by Day
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37 and 52 in both the Bleached and Partial-Mortality groups (p(Day x Group) < 0.001,
Supplementary Figure 1A, Supplementary Table 1). LEDR (μmol cm-2 h-1) significantly
decreased between Day 0 and Day 52 in all Groups (p < 0.001, Supplementary Figure 1B,
Supplementary Table 1). P:R, an indication of energy supply compared to demand, was
highest in the Bleached Group at Day 0, then sharply declined at Day 37 and Day 52 for
both the Bleached and Partial-Mortality groups while the Control group maintained
consistent throughout the entire experiment (p(Day x Group) < 0.001, Supplementary
Figure 1C, Supplementary Table 1). Endosymbiont cell density (cells 106 cm-2) had
significant declines between Day 0 and Day 52 in all Groups, but with a more severe
decline at Day 37 and Day 52 in the Bleached and Partial-Mortality groups compared to
the control (p(Day) < 0.001, p(Group) < 0.001, Supplementary Figure 1D, Supplementary
Table 1). Areal chlorophyll a (μg cm-2) exhibited similar trends to the endosymbiont
densities with significant effects of Day (p < 0.001) and Group (p = 0.004). Host (coral)
total protein (mg cm-2) decreased over time in the experiment regardless of phenotype
group (p < 0.001; Supplementary Figure 1J, Supplementary Table 1). Both areal (mg cm2

) and cellular endosymbiont total protein (mg cell-1) did not differ by Group or Day

(Supplementary Figure 1H), however there were trends of increased cellular total protein
in the Bleached and Partial-Mortality colonies throughout the experiment (Supplementary
Figure 1I, Supplementary Table 1). Host (coral) total carbohydrate (mg cm-2) significantly
decreased between Day 0 and Day 52 in all Groups (p = 0.002), however endosymbiont
cellular carbohydrates (mg cell-1) had a significant increase of cellular carbohydrates
throughout the experiment (p(Day) = 0.028) and generally higher carbohydrates per cell in
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the Bleached group (p(Group) = 0.058, Supplementary Figure 1L, Supplementary Table
1).
The microbiome profiles also differed by Day (p = 0.007) and Group (p = 0.001),
shown by the NMDS with Bray-Curtis dissimilarity metric (stress=0.106, Figure 3A).
Additionally, alpha diversity increased throughout the experiment (p(Day) = 0.005) and
was highest in the Bleached and Partial-Mortality Groups at Day 37 (p(Group) < 0.001,
Figure 3B). The seven most abundant bacterial families were Endozoicomonadaceae,
Rhodobacteraceae,

Kiloniellaceae,

Flavobacteriaceae,

Cyclobacteriaceae,

Paraspirulinaceae, and Alteromonadaceae, with all other bacterial families binned into the
<2.5% relative abundance category (Figure 3C). Endozoicomonadaceae, the major
bacterial family in all samples, was significantly different between Group (p = 0.014) and
Day

(p

<

0.001),

with

all

Groups

having

>75%

relative

abundance

of

Endozoicomonadaceae at Day 0 and declines at Day 37 for the Bleached and PartialMortality Groups to ~25% followed by the Control Group at Day 52 (~50%) (Figure 3H,
Supplementary Table 2). Rhodobacteraceae significantly increased in relative abundance
between Day 0 and Day 37 in the Bleached and Partial-Mortality Groups (p < 0.001, Figure
3G, Supplementary Table 2). The bacterial family Kiloniellaceae was initially higher in
the Bleached Group and decreased over time, whereas the Control Group increased in
relative abundance over time (p(Day x Group) = 0.007, Figure 3F, Supplementary Table
2). Flavobacteriaceae had higher relative abundances in the Bleached Group at Day 0 and
maintained these abundances through Day 52, whereas the Control and Partial-Mortality
Groups increased in Flavobacteriaceae between Day 0 and 52 (p(GroupxDay) = 0.047,
Figure 3G, Supplementary Table 2). Cyclobacteriaceae exhibited relative increases in
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abundance between Day 0 and 52 primarily for the Bleached and Partial-Mortality Groups
(p(Day) = 0.002, Figure 3I, Supplementary Table 2). Paraspirulinaceae (Figure 3E) and
Alteromonadaceae (Figure 3J) families did not change over time or between groups but
were greater than 2.5% relative abundance on average in all samples (Supplementary Table
2). Bacterial families with abundances less than 2.5%, when summed, contributed to ~40%
of the bacterial community at Day 52 in all samples and increased in relative abundance in
all Groups throughout the experiment (p(Day) < 0.001). Additionally, the Bleached Group
had higher relative abundances of bacterial families less than 2.5% at Day 0 and 52
compared to the Control and Partial-Mortality Groups (p(Group) = 0.011, Figure 3K).
A PCA was used to visualize the global metabolite pool changes between Groups
and Day, where PC1 explained 36.15% of the variation across the dataset and as PC2
explained 12.85% (Figure 4A). Metabolite profiles were significantly influenced by the
interaction of Day and Group (PERMANOVA, p = 0.013). As stated above, five modules,
or groups of metabolites, were identified with distinct accumulation patterns across groups
(Figure 4B). The 11 metabolites in the “brown” module were positively correlated with the
Partial-Mortality Group at Day 52 (p = 0.01, Figure 4B), of which 6 were annotated
(Supplementary Table 3). Cellobiose, D-glucose, and sucrose in this module indicated
overrepresentation of the starch and sucrose metabolism pathway (p = 0.002) and sucrose,
raffinose, and D-glucose indicated overrepresentation of the galactose metabolism pathway
(p = 0.004, Figure 4C). This “brown” module contains candidate metabolites that separate
the Partial-Mortality Groups from the Bleached and Control Groups at Day 52. The “grey”
module contained 125 metabolites, of which 114 were annotated and 11 were unannotated.
This module had no correlations with any Groups from the WCNA and were not
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significantly associated with any pathways from the ORA, indicating core holobiont
metabolites necessary for biological function (Figure 4B). The “yellow” module was
negatively correlated with the Control Day 57 group (p = 0.002, Figure 4B), indicating
metabolites associated with acclimation effects in the Control Group. The “blue” module
was negatively correlated with the Day 0 Bleached (p = 0.008) and Partial-Mortality (p =
0.02) Groups, and positively correlated with the Day 37 Partial-Morality Group (p = 0.02)
and Day 52 Partial-Morality Group (p = 0.002) and Bleached Group (p = 0.009) (Figure
4B), identifying these are metabolites positively correlated with thermal stress. The
“turquoise” module was positively correlated with all Day 0 Groups (Bleached p = 0.03,
Partial-Mortality p = 0.03, Control p = 0.003) and negatively correlated with the Day 37
Partial-Mortality Group (p = 0.02) and the Day 52 Partial-Mortality Group (p = 0.004) and
Bleached Group (p = 0.001) (Figure 4B), indicating these are metabolites negatively
correlated with thermal stress. The WCNA group correlation therefore categorizes the 5
metabolite modules relationships to the treatment Groups. In particular, this analysis
indicates the “brown” module underlies separation between the Bleached Group and the
Partial-Mortality Group.

Microbiome and metabolome relationships
In order to test the relationship between the microbiome and metabolome under
thermal stress, we conducted a multi-omic analysis in the DIABLO framework. This
analysis allows us to determine the correlations between these two highly dimensional
datasets, thus providing insight on how the microbiome may be influencing holobiont
metabolism or vice versa. On Day 52, there were 245 correlations between metabolites and
microbes, of which 138 were positive and 107 were negative (Figure 5A). 69 unique
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metabolomic features were correlated to 78 unique ASVs that include 60 species in 43
bacterial families. Of the 69 unique metabolites, 8 were annotated and 61 were
unannotated. For those metabolites that were positively correlated, glycerate was linked to
42 different bacterial families (Figure 5B). Cytophagales and Rickettsiales were the two
families of bacteria with highest correlation, as they were positively correlated to 68 and
67 unique metabolite features, respectively (Figure 5B).

DISCUSSION
In order to understand how reefs will respond to climate change, it is critical to
distinguish the mechanisms underlying the variability in bleaching phenotypes and
outcomes. To elucidate the function of the coral holobiont in defining holobiont tissue
mortality due to thermal stress, this study compared several physiological parameters of P.
astreoides and its Symbiodiniaceae, the associated bacterial community, and global
holobiont metabolite pool profiles between corals experiencing bleaching and those
experiencing bleaching with subsequent partial mortality. These integrative analyses
identified that higher initial metabolic rates and microbiome diversity may be indicators of
survival prior to thermal stress. Further, the metabolomic and physiological data indicate
the main signatures of partial mortality outcomes are related to starch and sucrose
metabolism and galactose metabolism pathways, and the utilization of energy-poor
carbohydrates leading to a potential energy deficit. Given the strong link between many
microbiome constituents and the metabolite glycerate (important in glycolysis and PSII
repair), we hypothesize that an exogenous supply of glycerate from the microbiome might
mitigate the mechanisms leading to photoinhibition under thermal stress. Collectively, our
work provides a unique multi-omic insight into the importance of energy usage and storage,
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as well as microbiome diversity and metabolite subsidies may contribute to the variability
in bleaching outcomes during thermal stress events.

Higher metabolic potential and microbiome diversity are predictors of survival to
chronic thermal stress
Energetic reserves in corals under thermal stress has been extensively studied, as
access to sufficient energy reserves is critical to coral survival under stress especially when
the nutritional symbiosis is compromised (Baumann et al. 2014; Hughes et al. 2010; Levas
et al. 2016; Anthony et al. 2009; Anthony, Connolly, and Hoegh-Guldberg 2007;
Rodrigues and Grottoli 2007). In our study, the colonies in the Bleached phenotype group
(categorized a posteriori based on phenotype) had higher P:R (photosynthesis:respiration)
ratios at the beginning of the experiment, indicating greater metabolic capacity and
potential energetic reserves for these colonies. The energy reserves in corals are primarily
obtained through carbon photosynthate transfer from the algal symbiont or heterotrophy
by the coral (reviewed in Roth 2014). When the coral holobiont is acquiring more carbon
through photosynthesis or heterotrophy than consuming (i.e. respiration), the excess carbon
can be stored as lipids, carbohydrates, or proteins (Porter et al. 1989; Grottoli, Rodrigues,
and Juarez 2004). These stores then can be catabolized to generate ATP (adenosine
triphosphate) and meet cellular energetic demands under stress (Lesser 2013; Anthony et
al. 2009). Corals with higher energy reserves and properly functioning holobiont members
would therefore be more likely to maintain a prolonged bleached state without any tissue
loss and survive stress events.
Additionally, the microbiome has been shown to provide essential processes, such
as nitrogen and carbon cycling, to the coral (Webster and Reusch 2017). The Bleached
phenotype had a more diverse microbial community, indicated by the higher Shannon alpha
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diversity scores (Figure 3B), than any other group at the beginning of the experiment. This
is most likely attributed to higher relative abundances of bacteria in the Flaviobacteriaceae
family and families in the <2.5% category. Contrasting to other studies, Flaviobacteriaceae
families are typically associated with coral diseases like white-band syndrome (Certner and
Vollmer 2018), and therefore unlikely to be a predictor of bleaching survivorship.
However, the higher alpha diversity and higher abundance of bacterial families <2.5%
relative abundance could indicate the benefits of having a diverse microbiome prior to
thermal stress in corals. P. astreoides has been shown to cause declines in surrounding
seawater

concentrations

of

picoplankton

(i.e.

Synechococcus,

SAR11,

and

Rhodobacteraceae) and harvest these bacterial assemblages in their surface mucus layer
(McNally et al. 2017; Glasl, Herndl, and Frade 2016), potentially providing an alternative
source of nutrition through heterotrophic feeding of these picoplankton (Bourne, Morrow,
and Webster 2016). This strategy of having a diverse microbiome that could function as a
heterotrophic energy source, in addition to their roles in nitrogen and carbon cycling, could
be beneficial in surviving prolonged bleaching events. Together, our results suggest that
corals are more likely to avoid mortality outcomes by exhibiting higher initial metabolic
capacities (i.e. P:R ratios) and more diverse microbial communities as alternative sources
of energy when photosynthesis is limited.

Carbohydrate utilization as a potential signature of survival during thermal stress
Symbiodiniaceae carbohydrate concentration increased per Symbiodiniaceae cell
under thermal stress, with higher concentrations in the Bleached colonies compared to the
Partial-Mortality colonies, suggesting that the translocation and utilization of
carbohydrates from the Symbiodiniaceae to the coral may be a defining mechanism leading
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to survival with no tissue loss (Supplementary Figure 1L). The Partial-Mortality colonies
had higher utilization of starch and sucrose metabolism and galactose metabolism
pathways, suggesting increased catabolism of carbohydrate stores (Figure 3C). The
metabolites associated with these pathways were all carbohydrate compounds (glucose,
sucrose, cellobiose, and raffinose), and since the Bleached colonies had higher
carbohydrates in the Symbiodiniaceae cells than the Partial-Mortality group, we can
assume that these metabolites are compartmentalized in the coral host. Corals utilize three
main energy stores under stress, lipids, carbohydrates, and proteins (Lesser 2013). Lipid
stores are considered to be energy-rich (i.e. longer lasting due to higher combustion
enthalpies) compared to carbohydrates and proteins (Gnaiger and Bitterlich 1984), and take
longer to recover after bleaching events (Rodrigues and Grottoli 2007). The P. astreoides
colonies in this study that exhibit tissue loss may be utilizing energy-poor carbohydrates
indicated by the lower carbohydrate concentrations per cell and increased pathways linked
to starch and sucrose, and galactose metabolism, whereas the Bleached colonies with no
tissue loss may be utilizing lipid stores. Similar patterns have been shown in northwest
Australia, where Acropora aspera colonies from subtidal habitats utilized carbohydrate
stores during an in situ bleaching event and exhibited high rates of mortality, whereas the
colonies in the intertidal habitats maintained all three energetic reserves and survived (Jung
et al. 2021). In this mesocosm experiment, separate metabolomic profiles of the coral and
Symbiodiniaceae would provide a better insight into the differences in carbon stores under
thermal stress. Additionally, a transcriptomic approach may elucidate the host cellular
processes that differentiate energy utilization between the Bleached and Partial-Mortality
groups. Together, high concentrations of carbohydrates in the Symbiodiniaceae cells
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indicates that the Bleached colonies with no tissue loss have excess amounts of
carbohydrate pools that are not being translocated from the Symbiodiniaceae to the host.
Alternatively, the Bleached colonies could be catabolizing more efficient forms of energy,
such as lipids, to maintain homeostasis under stress, while the partial mortality corals may
have depleted their lipids reserves and move to carbohydrate catabolism. While we
attempted lipid quantification in this study, the colorimetric 96 well plate protocol (Bove
and Baumann, 2021) was not successful and it was not possible to obtain sufficient tissue
for the gravimetric bulk lipid analysis approach (Bove and Baumann, 2021). Therefore,
future studies would benefit from having protein, carbohydrate, and lipid data to fully
disentangle the availability and use of substrates for respiration.

Exogenous glycerate from the microbiome may increase metabolic potential under
thermal stress
Photoinhibition occurs when the rate of damage exceeds the rate of repair of
photosystem II (PSII; the oxygen-evolving chlorophyll-protein complex)(Ohad, Kyle, and
Arntzen 1984), thus mechanisms to increase the rate of repair would mitigate the severity
of photoinhibition under stress (Jeans, Campbell, and Hoogenboom 2013; Takahashi,
Whitney, and Badger 2009). Thermal stress has been shown to disrupt the coralSymbiodiniaceae symbiosis through damaging PSII in tandem with inhibiting the process
of PSII damage repair (Warner, Fitt, and Schmidt 1996; Takahashi et al. 2004). PSII repair
is a multi-step process that involves the degradation and removal of the D1 protein,
synthesis of a new D1 protein, and insertion and assembly of the new D1 protein into PSII
(Takahashi and Murata 2006). The D1 protein is encoded by the psbA gene, which is
present in dinoflagellate chloroplast genomes (Zhang, Green, and Cavalier-Smith
1999). The synthesis of DI proteins can be inhibited by reactive oxygen species
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(Nishiyama 2001) and the presence of glycolaldehyde (Takahashi and Murata 2006), thus
delaying PSII repair and increased sensitivity of photoinhibition. The impacts of thermal
stress of PSII repair has been shown in cultured Symbiodiniaceae, with decreased
transcriptional levels under higher temperatures (McGinley et al. 2012). A potential
mechanism to decrease the probability of photoinhibition under stress is an exogenous
supply of glycerate, a precursor to glycerate-3-phosphate, which has been shown to prevent
the inhibition of D1 protein synthesis in chloroplasts (Takahashi and Murata 2006).
Glycerate is an intermediate metabolite for glycolysis and has been shown to increase
during thermal stress in corals (Hillyer et al. 2017a). Thus, if the microbiome is able to
increase the bioavailability of glycerate to the holobiont, as is suggested by the positive
correlation of many taxa with glycerate in our DIABLO analysis, this may prevent
photoinhibition through the synthesis of DI proteins and allow for increased photosynthetic
rates at higher temperatures. Therefore, we hypothesize that this central metabolite,
glycerate, may play a key role not only in central metabolic processes, but also connect the
microbiome-Symbiodiniaceae-coral symbiosis though increasing PSII repair capacity
under thermal stress.

Conclusion
Under current global climate change predictions, it is critical to understand how
foundational species, such as reef building corals, will survive and what mechanisms lead
to resilience. In this study, we outlined several holobiont mechanisms that predict and
define survival or mortality outcomes during bleaching events in P. asteroides. Prior to
thermal stress, we suggest that increased metabolic potential is critical in generating and
maintaining enough energy reserves to sustain the coral throughout bleaching events when
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symbiotic photosynthetic capabilities are limited, which concurs with other studies
(Baumann et al. 2014; Hughes et al. 2010; Levas et al. 2016; Anthony et al. 2009; Anthony,
Connolly, and Hoegh-Guldberg 2007; Rodrigues and Grottoli 2007). During late-stage
bleaching, colonies that exhibit tissue loss are utilizing inefficient energetic resources, like
catabolizing carbohydrates, opposed to other sources like lipids or proteins, which may
have already been consumed. In addition, we suggest that the microbiome may play an
additional role in providing key metabolites such as an exogenous supply of glycerate that
may mediate the impacts of photoinhibition though PSII repair mechanisms (Takahashi
and Murata 2006), thus allowing for higher chlorophyll content and photosynthesis.
Collectively, these results provide compelling evidence that interspecific variability in
response to bleaching events is dependent on the photosynthetic carbon exchange and
storage within the multi-partner symbiosis.
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Figure 1. Experimental Design. (A) Experimental temperatures of the treatment tanks
over the 52 day experimental period. Photographs of the Control P. astreoides colonies in
the ambient treatment (28°C) at (B) Day 0, (C) Day 37, and (D) Day 52 sampling
timepoints. Photographs of the Bleached P. astreoides colonies in the heated treatment
(31°C) at (E) Day 0, (F) Day 37, and (G) Day 52 sampling timepoints. Photographs of the
Partial-Mortality P. astreoides colonies in the heated treatment (31°C) at (H) Day 0, (I)
Day 37, and (J) Day 52 sampling timepoints.
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Figure 2. Physiological multivariate results. (A) A principal component analysis of the
measured physiological responses of the three phenotype groups over the three time points
accompanied with the PERMANOVA results. Purple indicates the Control Group, red
indicates the Bleached Group, and green indicates the Partial-Mortality Group. Squares
indicate Day 0, triangles indicate Day 37, and circles indicate Day 52. (B) A biplot
showcasing the directionality of the physiological variables that are driving the variation
within the dataset.
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Figure 3. Microbiome profiles. (A) A non-metric dimensional scaling analysis (NMDS)
using a Bray Curtis dissimilarity matrix to summarize the bacterial communities of the
three phenotype groups over the three time points accompanied with the PERMANOVA
results. Purple indicates the Control Group, red indicates the Bleached Group, and green
indicates the Partial-Mortality Group. Squares indicate Day 0, triangles indicate Day 37,
and circles indicate Day 52. (B) A boxplot of Shannon diversity measures. Solid horizontal
bars represent group median values, the upper and lower sections (box outlines) represent
the first and third quartiles, the whiskers extend to the highest and lowest values within 1.5
times the interquartile range, and the dots represent data points. C) Relative percent
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abundances of each bacterial family group. D-K) Relative percent abundances as boxplots
for

Rhodobacteraceae,

Paraspirulinaceae,

Kiloniellaceae,

Flavobacteriaceae,

Endozoicomonadaceae, Cyclobacteriaceae, Alteromonadaceae, and families <2.5%,
respectively.
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Figure 4. Holobiont metabolomic profiles. A) A principal component analysis (PCA) to
visualize the global holobiont metabolome of each colony in each phenotype group over
time. Purple indicates the Control Group, red indicates the Bleached Group, and green
indicates the Partial-Mortality Group. Squares indicate Day 0, triangles indicate Day 37,
and circles indicate Day 52. B) A heatmap of the weighted correlation network analysis
(WCNA) of the global holobiont metabolome that correlates to the three phenotype groups
over time. Bolded values indicate significant correlations of a module to a group. C) The
significant pathways and associated metabolites of each metabolite module determined by
the MetaboAnalyst over representation analysis (ORA).
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Figure 5. Microbiome-Metabolome correlations under thermal stress. A) A circos plot
showing the strongest correlations (r>0.85) between the microbiome (green blocks) and
the metabolome (blue blocks) and level of relative abundance of each variable for each
phenotype group from the Day 52 timepoint. B) A Sankey plot showing the correlations
between specific bacterial families (left) and metabolites (right). Each block represents a
different bacterial family or metabolite feature.
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Supplementary Table S1. Physiological 2-way ANOVA results.
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Supplementary Table S2. 16S rRNA bacterial family abundance 2-way ANOVA
results.
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Supplementary Table S3. Metabolites associated with the Brown WCNA module.
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Supplementary Table S4. Metabolites associated with the Yellow WCNA module.
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Supplementary Table S5. Metabolites associated with the Blue WCNA module.
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Supplementary Table S6. Metabolites associated with the Turquoise WCNA module.
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Supplementary Figure S1. Boxplots showing the physiological responses for each
phenotype group over the experiment. Solid horizontal bars represent group median values,
the upper and lower sections (box outlines) represent the first and third quartiles, the
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whiskers extend to the highest and lowest values within 1.5 times the interquartile range,
and the dots represent data points. A) Gross photosynthesis, B) Light-enhanced dark
respiration, C) Photosynthesis to respiration rate ratio (P:R), D) Endosymbiont density, E)
Areal chlorophyll a concentration, F) Cellular chlorophyll a concentration, G) Coral total
protein concentration, H) Endosymbiont areal total protein concentration, I) Endosymbiont
cellular total protein concentration, J) Coral carbohydrate concentration, K) Endosymbiont
areal carbohydrate concentration, L) Endosymbiont cellular carbohydrate concentration.
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Supplementary Figure S2. PI curves of a subset of experimental corals at Day 37 from
both ambient and heated conditions.
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ABSTRACT
Reef-building corals respond to the temporal integration of both pulse events (i.e.,
heat waves) and press thermal history (i.e., local environment) via physiological changes,
with ecological consequences. We used a “press-pulse-press” experimental framework to
expose the brooding coral Porites astreoides to various thermal histories to understand the
physiological response of temporal dynamics within and across generations. We collected
adult colonies from two reefs (outer Rim reef and inner Patch reef) in Bermuda with
naturally contrasting thermal regimes as our initial “press” scenario, followed by a 21-day
ex situ “pulse” thermal stress of 30.4°C during larval brooding, and a “press” year-long
adult reciprocal transplant between the original sites. Higher endosymbiont density and
holobiont protein was found in corals originating from the lower thermal variability site
(Rim) compared to the higher thermal variability site (Patch). The thermal pulse event
drove significant declines in photosynthesis, endosymbiont density, and chlorophyll a,
with bleaching phenotype convergence for adults from both histories. Following the
reciprocal transplant, photosynthesis was higher in previously heated corals, indicating
recovery from the thermal pulse. The effect of origin (initial press) modulated the response
to transplant site for endosymbiont density and chlorophyll a, suggesting contrasting
acclimation strategies. Higher respiration and photosynthetic rates were found in corals
originating from the Rim site, indicating greater energy available for reproduction,
supported by larger larvae released from Rim corals post-transplantation. Notably, parental
exposure to the pulse thermal event resulted in increased offspring plasticity when parents
were transplanted to foreign sites, highlighting the legacy of the pulse event and the
importance of the environment during recovery in contributing to cross-generational or
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developmental plasticity. Together, these findings provide novel insight into the role of
historical disturbance events in driving differential outcomes within and across
generations, which is of critical importance in forecasting reef futures.
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INTRODUCTION
Biological response depends both on the scale and duration of environmental
disturbances. When attempting to model the impacts of climate change on biological
systems, temporal variability creates complexity, as organisms are integrating previous
environmental signals, with consequences for their response to subsequent disturbances.
For example, signatures of ecological memory (Hughes et al., 2019; Ogle et al., 2015),
response-lags (Blonder et al., 2017), physiological carryover (Harrison et al., 2011), and
epigenetic “memory” (Ho & Burggren, 2010) have been observed in a variety of taxa,
which have cascading implications for subsequent function (Ryo et al., 2019). A breadth
of research has described the impacts of single disturbance events on biological systems
(Altwegg et al., 2017; Ratajczak et al., 2018), outlining specific driver-response
relationships in a snapshot fashion. While this fine-scale assessment, classically described
by experiments that apply treatment conditions over a single time period, is appropriate at
that scale, the extrapolation of these may be misleading when applied in a longer timeintegrated context (Ryo et al., 2019).
The integration of multiple historical events rapidly complicates potential
biological outcomes, as events can be of varying types (i.e. pulse, press, ramp, constant)
and additive, reductive, synergistic, or antagonistic. For example, in Australian forests the
combination of increasing air temperatures (press) and frequent forest fires (pulse) produce
immature forests and limits seedling establishment, leading to shifts in species distribution
ranges and ecosystem community structure (Enright et al., 2015; Harris et al., 2018).
Additionally, the combined effects of increasing seawater temperature and reduced rainfall
can result in the hyper salinization of coastal ecosystems, increasing mortality of
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fundamental species such as mangroves (Duke et al., 2017; Harris et al., 2018). Organismal
response is therefore driven by the integration of environmental signals over time, making
it critical to consider the temporal dynamics of disturbances when predicting biological
outcomes to environmental change.
A prominent example of the role of press and pulse disturbances in setting
ecosystem trajectory is that of coral reefs (Hughes et al., 2019). Coral reef ecosystems are
highly sensitive to global climate change, as tropical corals live near their upper-thermal
maxima, making them sensitive to relatively small increases in maximum sea water
temperature (Berkelmans & Oliver, 1999). Increasing seawater temperatures initiates
dysbiosis, or breakdown between the coral and algal endosymbiont, which is termed “coral
bleaching” (Glynn, 1996). Bleaching leaves the coral in a reduced energetic state, which
can lead to mortality (Brown, 1997; Hoogenboom et al., 2006; Jokiel & Coles, 1990). Since
1998, mass coral bleaching events have been observed with increasing frequency, driving
declines in global coral cover and threatening the persistence of coral reef ecosystems
(Lough et al., 2018).
Despite substantial declines in coral cover in response to rapid environmental
change (Hughes et al., 2017; Lough et al., 2018), increasing evidence suggests that
ecological and physiological “memory” in corals may define the vulnerability or resilience
to future disturbances (Ainsworth et al., 2016; Brown et al., 2000; Hughes et al., 2019;
Putnam et al., 2017). Carryover effects that occur as a result of past events can be broadly
categorized into two main patterns; accumulative and interactive. Accumulative carryover
describes a summative change resulting from frequent events with short intervals
(Ratajczak et al., 2018). In contrast, interactive carryover patterns arise when previous
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conditions modulate biological outcomes, not necessarily in a summative manner (Ryo et
al., 2019). Importantly in both of these scenarios, the response to a future event is driven
by prior environments through the alteration of physiological mechanism(s) with cascading
implications across biological scales (O’Connor et al., 2014; Johnstone et al., 2016).
Accumulative carryover of disturbances can lead to long-term negative
consequences to an organism, as successive events with short intervals can reduce recovery
times and accrue physiological damage (Grottoli et al., 2014; Ratajczak et al., 2018).
Accumulative impacts of press and pulse thermal events are evident in corals, for example,
as heat stress during summer periods was found to reduce photosynthetic capacity in four
Caribbean corals more so than the same heat stress during winter periods (Scheufen et al.,
2017). Additionally, repeat bleaching events have elicited differential physiological
outcomes in Porites spp., linking low energetic reserves and endosymbiont plasticity that
resulted from the first event to a decrease in acclimatory potential to subsequent bleaching
events (Grottoli et al., 2014). In contrast to accumulation, interactive carryover has the
potential to produce beneficial outcomes from previous experiences, which is often
referred to as priming (Brown et al., 2015; Putnam et al., 2017; Ryo et al., 2019). In corals,
previous experiences can shape susceptibility to bleaching, as evidence of increased history
of solar radiation can increase bleaching tolerance in Goniastrea aspera (Brown et al.,
2002; Brown et al., 2000). In addition, factors such as history of high temperature
variability decrease bleaching susceptibility (Oliver & Palumbi, 2011; Safaie et al., 2018;
Sully et al., 2019), potentially through acclimatory mechanisms such as frontloading
transcripts associated with heat shock proteins and antioxidants (Barshis et al., 2013). One
clear example of both accumulative and interactive patterns is found in Ainsworth et al.

67

(2016) where repetitive high intensity thermal events (i.e., repetitive bleaching) resulted in
severe bleaching and increased mortality due to the accumulative carryover of thermal
stress. In contrast, sub-lethal thermal stress followed by a short recovery period (i.e.,
protective trajectory) resulted in interactive carryover and a reduction in damage in
comparison to the single or repetitive bleaching trajectory (Ainsworth et al., 2016). As
evidence of both accumulative and interactive carryover patterns are present in corals,
delineating the types of environmental signals that elicit these patterns will be crucial in
forecasting the future of coral reefs.
Beyond intra-generational impacts, if carryover patterns occur across generations,
there is potential for developmental, cross, and multi-generational implications (Byrne et
al., 2020). Interactive carryover is well depicted in studies that provide evidence of crossgenerational plasticity, as the experiences of previous generations dictates the response in
subsequent generations. For example, exposure of adult Pocillopora damicornis to high
temperature and pCO2 either in combination (Putnam & Gates, 2015), or pCO2 alone
(Putnam et al., 2020) can have positive impacts on offspring performance. Additionally,
divergence in performance through maternal effects has been observed in Porites
astreoides colonies in Bermuda, with colonies from different reef environments producing
larval phenotypes that contributed to contrasting recruitment and juvenile survival success
rates (de Putron et al., 2017; Goodbody-Gringley et al., 2018). Outside of corals there is
also evidence for cross-generational plasticity in some annelids, bivalves, and copepods
(Byrne et al., 2020), outlining the importance of environmental history to subsequent
biological response of offspring.
As the frequency of pulse marine heatwaves increase in concert with chronic ocean
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warming (Hughes et al., 2017; Lough et al., 2018), it is essential to consider how integrated
thermal history impacts the biological responses of corals in order to more accurately
predict the future state of coral reefs. Here, we used a ‘press-pulse-press’ experimental
design to assess the impacts of long-term thermal history (press), short term heat wave
(pulse), and yearlong reciprocal transplant to the sites of collection (press) events on adult
coral and offspring physiology. Specifically, the aims of this study were to (1) determine
if adult corals and their offspring from different thermal press environments respond
similarly to thermal pulse events, and (2) determine if there are consequences of thermal
press and pulse events on adult and offspring physiology resulting in within and crossgenerational carryover.

METHODS

Study sites
This study compares coral colonies originating from two thermally distinct reef
sites in Bermuda; a Patch reef site (Bailey’s Bay Reef Flats; 2-5 m depth; 32°22’27”N,
64°44’37”W) and a Rim reef site (Hog Reef; 8-10 m depth; 32°27’26”N, 64°50’05”W)
(Fig. 1a). Due to loss of HOBO temperature loggers from storm damage during
transplantation at Bailey’s Bay Reef Flats, temperature data from an adjacent Patch reef
(Crescent reef) was used. Comparative data sets between Crescent and Hog reef are
available from the NOAA BEACON project (BErmuda ocean Acidification and COral
reef iNvestigation; Sutton et al., 2014a, Sutton et al., 2014b). Both Patch sites (Crescent
Reef and Bailey’s Bay Reef Flats) are inner-lagoonal reefs and thus have similar seasonal
variations in environmental conditions (Andersson et al., 2014).
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Since Bermuda is the most northern coral reef in the Atlantic, it experiences large
seasonal variations in environmental conditions compared to other equatorial reefs (Smith
et al., 2013). However, episodes of bleaching events still occur, with the first recorded
bleaching event occurring in 1998 when inshore temperatures reached over 30°C in August
and 29°C in September (Cook et al., 1990; Smith et al., 2013). In addition to large seasonal
variations, fine-scale variations in temperature, light, and seawater chemistry have been
described between Patch and Rim reef sites in Bermuda (Courtney et al., 2017). Patch reefs
experienced higher seasonal and daily temperature variability than Rim reefs between
November 2010 and September 2012, with seasonal temperature ranges of 14.3°C and
12.6°C, and daily temperature ranges of 1.3°C and 0.7°C, respectively (Fig. 1).
Additionally, the Patch reef environment experienced 48 days where the maximum daily
temperature was above 30°C, whereas the Rim reefs experienced 4 days above 30°C during
this time frame (Fig. 1).

Study species
P. astreoides is a hermaphroditic, brooding coral (Brazeau et al., 1998) that inhabits
large environmental clines (Elizalde-Rendón et al., 2010) and exhibits high phenotypic
plasticity at various life stages (Edmunds, 2010; Green et al., 2008). In Bermuda, inter-reef
thermal variation is hypothesized to control reproductive and early life history traits (de
Putron et al., 2017; Goodbody-Gringley et al., 2018). Using microsatellite loci, Serrano et
al. (2016) determined no host population structure of this species in Bermuda across
inshore and offshore sites that ranged in depth from 4 to 26 meters. Additionally, multiple
studies have described Symbiodinium spp. (ITS2 type A4; LaJeunesse et al., 2018) as the
dominant symbiont in P. astreoides in Bermuda (Reich et al., 2017; Serrano et al., 2016;
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Venn et al., 2006; Zhang et al., 2016). While there has been infrequent documentation of
other low abundance Symbiodiniaceae (Breviolum spp., Cladocopium spp.), the functional
significance of background symbionts has been shown to be minimal in corals (Lee et al.,
2016). Thus, there is strong support for host and symbiont homogeneity in Bermuda.

Experimental design
40 adult P. astreoides colonies with a minimum surface area of 170 cm2 were
randomly chosen and collected from Bailey’s Bay Reef Flats (Patch reef; ~5 m depth;
n=20) and Hog Reef (Rim reef; ~10 m depth; n=20) four weeks prior to the July 23, 2017
new moon (Fig. 2a). Upon collection, initial photosynthetic and respiration rates were
measured (see section 2.4), and tissue samples were snap frozen in liquid nitrogen and
stored at -80°C to be used for later physiological analyses (see section 2.6). The adult
colonies were held in common garden tanks under ambient conditions (28.5 ± 0.4°C) for a
ten-day acclimation period (Fig. 2c) and were separated by the origin collection site to
prevent potential cross-fertilization from occurring.
After acclimation, 10 adult colonies from each site were randomly placed into either
an ambient (29.2 ± 0.5°C; n=10 per reef site) or heated (30.4 ± 1.0°C; n=10 per reef site)
temperature treatment to simulate a 21-day thermal pulse event that coincided with the last
7-14 days of larval brooding and the entire larval release period (Chornesky and Peters
1987; de Putron and Smith 2011). Temperature was maintained through a 50-litre headertank system with heaters (AccuTherm Heater 300W) that distributed seawater into the 400liter outdoor flow-through tanks. To reduce light stress and maintain temperature controls,
500-micron black mesh was used to cover each tank and water level heights of ~45 cm
above the colony surface were maintained during the day. The corals experienced a natural
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light period with irradiance levels of 128.67 ± 191.02 µmol m-2 s-1 in the treatment tanks
during the day (MQ-510 quantum meter, spectral range of 389-692 nm ± 5 nm, Apogee
Instruments, USA). During the larval collection period, tank water levels were dropped at
night and individual colonies were placed into 2-L plastic separated jugs with individual
lines of flowing seawater from the treatment header tanks. This system allowed us to
maintain a 1.2°C separation on average between the ambient and high treatment conditions
(Fig. 2c and Fig. 2d). Daily handheld temperature and light measurements were taken at
three timepoints (9:00, 13:00, and 18:00 h) using a single input digital thermometer (Fluke
51-2 60HZ, 0.05% + 0.3°C accuracy, Fluke, USA), and an underwater cosine corrected
sensor (MQ-510 quantum meter, spectral range of 389-692 nm ± 5 nm, Apogee
Instruments, USA). In addition, temperature was recorded (HOBO Water Temperature Pro
v2 Data logger, Onset, USA) throughout the acclimation and treatment period (Fig. 2).
During the larval release period, an 800 mL polypropylene beaker with a 153micron mesh bottom was placed under the spout of the container to collect the positively
buoyant larvae. Larval release was monitored, where every day the number of larvae
released from each colony was recorded (Table S1). If the colony released >100 larvae in
one day, larval volume was quantified, and triplicate samples of 20 larvae were stored at 80°C and used for physiological analyses (see section 2.6). At the end of the larval release
period (21 total days of adult treatment exposure), adult colonies were assessed a second
time for photosynthetic and respiration rates, and tissue biopsies were collected, snap
frozen in liquid nitrogen, and stored at -80°C (Fig. 2a). After the pulse temperature
exposures, all colonies were cut in half and transplanted to the Patch and Rim sites in a
reciprocal fashion to implement the secondary press event (Fig. 2a).
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One year later, all colonies were collected from both sites and transported back to
BIOS 13 days before the July 13, 2018 new moon. Small tissue biopsies were immediately
collected, snap frozen in liquid nitrogen, and stored at -80°C, and holobiont photosynthetic
and respiration rates were measured the following day. Due to full and partial mortality of
some transplanted corals, five corals from each history (where history equals Origin site
by Treatment exposure by Transplant site) were monitored for larval release to obtain equal
samples sizes among experimental histories (n=5 per history; Fig. 2a). Similar to 2017,
larval release was monitored, where every day the number of larvae released from each
colony was recorded, larval size was quantified, and triplicate samples of 20 larvae were
taken and stored at -80°C if larval release was >100 from an individual colony each day
(Table S2).

Adult photosynthetic and respiration
Each colony was brought indoors and immediately placed in a 21-liter aquarium,
with a water pump (300-liter hr-1) to maintain ample circulation. The non-tissue part of
coral colonies was covered by modeling clay to prevent oxygen flux from any potential
epibionts. The aquarium was filled with 1 micron filtered seawater and sealed with a
custom made Plexiglass cover. Fiber-optic oxygen dipping probes (DP-PSt7-10-L2.5ST10-YOP, PreSens, Germany) and temperature probes (Pt1000, PreSens, Germany) were
inserted in pre-made holes on the Plexiglass cover to measure oxygen concentration every
5 seconds using a temperature-corrected, multi-channel oxygen meter (Oxy10, PreSens,
Germany). LED lights (Arctic-T247 Aquarium LED, Ocean Revive, USA) were used to
maintain even light distribution. In order to determine the appropriate saturating light level
for photosynthesis trials net photosynthesis curves as a function of photon flux density
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(PFD; commonly referred to as Photosynthesis-Irradiance (PI) curves) were performed at
a range of 0-650 μmol photons m-2 s-1. Curves were fit using a non-linear least squares fit
for a non-rectangular parabola (Marshall & Biscoe, 1980). Saturating light levels (Ik) were
determined to be 122 μmol photons m-2 s-1 (Fig. S1), therefore all subsequent
photosynthesis measurements were measured at light levels of 176 ± 27 μmol photons m-2
s-1. For each coral, photosynthetic rates were measured for 20 minutes in the light and
immediately following, light-enhanced dark respiration (LEDR) was measured in the dark
for 20 minutes. Tank temperatures for each trial were maintained by two circulating water
baths with heaters (AccuTherm Heater 300 W) and chillers (AquaEuroUSA Max Chill1/13 HP Chiller). For the initial measurements, corals (n=5) from each reef site were
randomly selected using a random number generator and measured under ambient
conditions (28°C). For the post-treatment trial, the high-temperature treatment corals (n=10
per reef site) were measured at 31°C while ambient corals (n=10 per reef site) were
assessed at 28°C. For each temperature treatment, blank chambers were measured
simultaneously at the corresponding temperature (n=4). Post-transplantation, all
photosynthesis and respiration rates were monitored under ambient temperatures (28°C,
n=5 per history) with blanks (n=5) measured simultaneously at the same temperature. Rates
of oxygen flux were calculated using a repeated local linear regression analysis (LolinR;
Olito et al., 2017) in R (R Core Team, 2013). Calculated rates were normalized by the
corresponding blank measurement, chamber volume, and surface area of the hemispherical
colonies using the aluminum foil method before and after fragmentation (Marsh, 1970).
There were no signs of any tissue damage from the foil coming into contact with the coral
surface. Gross photosynthetic rates were calculated by adding the measured rates of net
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photosynthesis with the absolute value of measured LEDR.

Larval volume quantification
Each day, ten larvae from each colony that were released were photographed on a
dissecting microscope under 3x magnification using a 1401KEM PupilCAM®. In 2017, all
larvae were photographed live on the day of release. In 2018, larvae were fixed in 10%
formalin and photographed within 1 month of fixation. Using ImageJ®, the length and
width of each larva was measured and the volume was calculated using the equation for
the volume of an elliptical sphere (Isomura & Nishihira, 2001). A comparative analysis of
larval volume quantification between live and fixed larvae showed no significant difference
of method (t-=-0.0825, d.f.=104.42, P=0.9344, Fig. S2) and comparisons between years
were not performed in this study.

Endosymbiont cell density, chlorophyll a, and total protein quantification
Frozen adult tissue samples were airbrushed with 0.2 μm filtered seawater to
remove the holobiont tissue from the skeleton. The coral skeleton was bleached and dried
before measuring surface area using the aluminum foil technique (Marsh, 1970). Triplicate
aliquots (500 μL) of the airbrushed homogenate were frozen at -80°C for endosymbiont
cell density, chlorophyll a, and total protein concentration quantification. Repeated cell
counts (n= 6 sample-1) on a haemocytometer were performed to determine adult
endosymbiont cell densities. Larval endosymbiont cell densities were quantified by
analyzing two replicate groups of 20 randomly sampled larvae from each colony on each
day of larval release (Table S1 and S2). The subset of 20 larvae were homogenized with
300 μL of 0.2μm filtered seawater and 200 μL of the homogenate was aliquoted and stored
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at -80°C for total protein analyses. The remaining 100 μL was used for replicate cell counts
(n= 6 sample-1). Endosymbiont cell density was normalized to adult surface area (cm-2) or
larval volume (mm-3).
Adult and larval homogenates (one of the triplicate samples) were centrifuged at
13,000 rpm for 3 minutes to separate host and endosymbiont cells. The supernatant was
removed and the endosymbiont pellet was resuspended in 1 mL of 100% acetone, with the
extraction of chlorophyll a concentration taking place in the dark at 4 °C for 36 hours. 200
μL of the pigment extract was measured with a plate spectrophotometer (Synergy HTX
Multi-Mode Reader, BioTek, USA) at 630, 663 and 750 nm on a 96-well quartz microplate
(HellmaⓇ Analytics, USA). Chlorophyll a concentrations were corrected for path length
(0.584 cm) and calculated from the chlorophyll a concentration specific for dinoflagellates
in 100% acetone (Jeffrey & Humphrey, 1975), then normalized to adult surface area (cm2

), larval volume (mm-3), and cell density (cell-1).
Eqn 1: Chl 𝑎 =

(11.43 x (E!!" $% − E&'( $% ) − 0.64 × (E!"( $% − E&'( $% ))
0.584

To solubilize samples for holobiont total protein analyses, 0.1 M NaOH was added
to the adult and larval homogenate samples, incubated at 90°C for 1 hour, and neutralized
to ~pH 7.5 with 0.1 M HCl. Holobiont total protein concentration was quantified using the
Pierce bicinchoninic acid (BCA) Protein Assay Kit (Pierce Biotechnology, USA).
Absorbance was measured at 562 nm using a microplate spectrophotometer (Synergy HTX
Multi-Mode Reader, BioTek, USA) and protein concentrations were calculated using a
bovine serum albumin (BSA) standard curve. The concentration of total protein was back
calculated for sample dilutions then normalized to adult surface area (cm-2) or larval
volume (mm-3).
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Statistical analyses
For all data, parametric assumptions were assessed through graphical inspection of
normality and homogeneity of variances and confirmed with Shapiro-Wilk’s tests and
Levene’s tests. Tank environmental measurements did not meet parametric assumptions;
therefore a Wilcoxon rank sum test was used between the tanks in the acclimation period
and between treatments during the treatment period. All initial adult physiological metrics
were analyzed with t-tests to determine initial physiological differences between adult
corals collected from the Patch and Rim reef sites. A two-way ANOVA was used to
determine the physiological differences between the fixed factor of Origin (Patch and Rim
corals) subjected to heated and ambient temperatures (fixed factor of Treatment).
Following transplantation, a three-way ANOVA was used to determine the impact of site
of Origin, Treatment conditions, and Transplant site. Due to the low release of larvae from
the Rim colonies in 2017, only larvae originating from the Patch reef brooded under the
high and ambient temperature treatment conditions were compared. To account for
variation in larval release between parental colonies and over different days (Tables S3 and
S4), general linear mixed effect models were used to analyze offspring physiology metrics
with Treatment (2017) or Origin, Treatment, Transplant, and their interactions (2018) as
fixed factors, and parental colony and date of larval release as random factors. All general
linear mixed effect models were run using the lme4 package in R (Bates et al., 2014). The
appropriate model for each larval response variable was selected through the comparisons
of p-values from the likelihood ratio test between the complex (parental colony + date) and
simple (parental colony or date) models, and Akaike Information Criterion (AIC) values
(Table S3 and S4). All statistical analyses and graphics were produced in R (R Core Team,
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2013). All data and code to reproduce analyses and figures are available as a static release
at https://github.com/kevinhwong1/Thermal_Transplant_2017-2018 and will be archived
in Zenodo following acceptance for publication.

RESULTS

Experimental and transplant conditions
Adult corals collected in 2017 underwent an acclimation period of 10 days, with
mean temperatures of 28.5 ± 0.4°C and no significant difference in temperature among
tanks (W=11295000, P=0.143, Fig. 2d). Temperatures differed between treatments during
the 21 days (W=2098800, P<0.001, Fig. 2d), with an ambient treatment mean of 29.2 ±
0.5°C and a high treatment mean of 30.4 ± 1.0°C. Comparing the BEACON data from
September 2017 to June 2018, there was a 0.3°C difference in maximum temperature
between the Patch and Rim reefs (29.6°C vs 29.2°C, respectively), resulting in a 1.0°C
difference in seasonal range (11.3°C vs 10.3°C, respectively). There were no days above
30°C at either site (Fig. 1c).

Press (Origin) and pulse (Treatment) impacts on adult physiology
Neither adult P. astreoides gross photosynthetic rates (μmol cm-2 h-1, W=10,
P=0.1508, Fig. 3a) nor LEDR (μmol cm-2 h-1, W=10, P=0.6905, Fig. 3b) differed between
origin sites. Corals originating at the Rim site had higher holobiont total protein (mg cm-2;
t=-2.392, d.f.=32.849, P=0.0226, Fig. 3c) and endosymbiont cell density (106 cells cm-2;
t=-2.146, d.f.=31.028, P=0.039, Fig. 3d) compared to those from the Patch site. No
differences were observed between sites in chlorophyll a concentration normalized to
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endosymbiont cell density (pg cell-1, t=1.102, d.f.=34.02, P=0.278, Fig. 3e) or surface area
(pg cm-2, t=-1.114, d.f.=36.576, P=0.273, Fig. 3f).
Exposure of the adult corals to 30.4°C resulted in a significant reduction of gross
photosynthetic rate (F1,35=22.949, P<0.001, Fig. 3a, Table S5), total protein (F1,35=4.122,
P=0.049, Fig. 3c, Table S5), endosymbiont cell density (F1,35=84.732, P<0.001, Fig. 3d,
Table S5), and chlorophyll a concentration normalized to surface area (F1,35=87.732,
P<0.001, Fig. 3f, Table S5). There was no effect of Origin or Treatment on LEDR
(F1,35=0.077, P=0.673, Fig. 3b, Table S5) or chlorophyll a concentration normalized to
endosymbiont cell density (F1,35=0.0398, P=0.184, Fig. 3e, Table S5). Further, there was
no effect of Origin or Origin by Treatment observed in any of the adult response variables
(Fig. 3, Table S5).

Press (Origin) and pulse (Treatment) impacts on larval physiology
The adult colonies released larvae over an 11-day period from 10 days prior to 1
day after to the new moon. From a total of 10 colonies originating from each reef site and
in each temperature treatment, 80% of the Patch colonies in the ambient treatment had at
least one day of release of >100 larvae over the 11-day period, whereas only 30% of the
Rim colonies released in the same treatment. In the high treatment, 90% of the Patch
colonies had at least one day of release of >100 larvae and none of the Rim colonies
released >100 larvae.
Due to the low release of larvae from the Rim corals, a comparative analysis of
only the larvae originating from the Patch reef between treatments was conducted. Larval
volume (mm3, P=0.515, Fig. 4a), total protein concentration (μg mm-3, P=0.287, Fig. 4b)
and chlorophyll a concentration normalized to endosymbiont cell density (ng cell-1,
79

P=0.419, Fig. 4d) did not change with respect to parental treatment conditions. In contrast,
larval endosymbiont cell density (103 mm-3, P=0.037, Fig. 4c) and chlorophyll a
concentration normalized to larval volume (ng mm-3, P<0.01, Fig. 4e) were higher when
brooded under the high temperature treatment conditions. By using a mixed effect model
approach, parental colony contributed to 21.1% and 7.45% of the variation in larval volume
and total protein, respectively, and were incorporated into each statistical model. The date
of release contributed to 9.3%, 23.0%, 25.7%, and 2.1% of the variation on larval volume,
endosymbiont cell density, and both cellular and areal chlorophyll a concentration,
respectively, and were also incorporated into each statistical model (Table S3).

Press (Origin) - pulse (Treatment) - press (Transplant) impacts on adult physiology
After the year-long transplant, adult gross photosynthetic rate significantly differed
between sites of Origin (F1,32=7.699, P=0.009), with colonies originating from the Rim
reef having higher rates than those from the Patch reef. Adult gross photosynthetic rate also
significantly differed with temperature treatment (F1,32=7.2823, P=0.011), with colonies
that experienced the high temperature treatment before transplantation having higher rates.
Additionally, gross photosynthetic rate differed between transplantation sites (F1,32=7.567,
P=0.009), with colonies transplanted to the Rim reef site having higher rates (Fig. 5a, Table
S6). LEDR only differed due to site of Origin, with corals originating from the Rim reef
having higher rates (F1,32=5.275, P<0.028, Fig. 5b, Table S6). Site of Origin also had
significant effects on adult holobiont total protein concentration, with colonies originating
from the Patch reef having higher total protein concentration than colonies from the Rim
reef (F1,32=4.362, P=0.045, Fig. 5c, Table S6). Adult endosymbiont cell density had
significant interactions between site of Origin and Transplant site, with higher densities
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present when transplanted to non-native sites (F1,32=5.986, P=0.021, Fig. 5d, Table S6).
Chlorophyll a concentration normalized to endosymbiont cell density also had a significant
interaction between site of Origin and Transplant site, however, an opposite trend was
observed with higher values in colonies transplanted to their native site (F1,32=6.118,
P=0.018, Fig. 5e, Table S6).

Press (Origin) - pulse (Treatment) - press (Transplant) impacts on larval physiology
Larval volume was greater from parental colonies originating from the Rim site
compared to the Patch site (P<0.001, Table S7). Additionally, there were marginally
significant effects of Transplant site (P=0.057, Table S7) and interaction of Origin and
Transplant site (P=0.058, Table S7), on larval volume. The parental colonies originating
from the Rim site and experienced the high temperature treatment before transplantation
to the Patch site showed a trend for larger larvae than colonies that also originated at the
Rim site but experienced the ambient treatment before being transplanted to the Patch site
(Fig. 6a). Larval holobiont total protein was not significantly impacted by any main effect
or interaction (Fig. 6b, Table S7). Larval endosymbiont cell densities were significantly
impacted by the site of Origin (P<0.01, Table S6), with higher densities occurring in larvae
produced by colonies originating from the Rim site. Significant interactive effects of
Treatment and Transplant site (P<0.05, Table S7) indicate that colonies which had
experienced the high temperature treatment released larvae with higher endosymbiont cell
densities when transplanted at the Rim site. Conversely, colonies that experienced ambient
conditions during brooding in the prior year released larvae with higher endosymbiont cell
densities when transplanted to the Patch site (Fig. 6c). Larval cellular chlorophyll a
concentration was significantly affected by site of Origin (P<0.05, Table S7), with higher
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densities occurring in larvae produced by colonies originating from the Patch site (Fig. 6d).
Contrastingly, larval chlorophyll a concentration normalized to larval volume was
significantly impacted by the parental temperature treatment (P<0.05, Table S7) and
transplant site (P<0.001, Table S7), with higher densities occurring in larvae from colonies
experiencing the ambient treatment versus heated, and higher densities in larvae from
colonies transplanted to the Rim site. A marginally significant interaction of parental
Treatment and Transplant site is noted (P=0.078, Table S7), where colonies from the high
temperature treatment produced larvae with lower chlorophyll a per larval volume when
transplanted to the Patch site compared to the Rim site (Fig. 6e). Parental colony
contributed to 29.3% and 52.5% of the variation in larval endosymbiont density and areal
chlorophyll a, respectively, and were incorporated into each statistical model. The date of
release contributed to 39.5%, 53.7%, 29.3%, and 35.1% of the variation on larval volume,
total protein, endosymbiont cell density, and both cellular chlorophyll a concentration,
respectively, and were also incorporated into each statistical model (Table S4).

DISCUSSION
Given the temporal dynamics of press and pulse disturbances on reefs, it is essential
to understand how previous environmental history of an organism will modulate future
responses in a complex multi-event setting. With this press-pulse-press framework, we
demonstrated that adult P. astreoides physiology is largely influenced by press
environments (site of Origin and Transplant site), indicating recovery from the pulse
thermal event and photophysiological acclimatization to transplant environments. In
contrast, offspring physiology was sensitive to parental pulse thermal events in the prior
year, resulting in carryover due to cross-generational plasticity, or developmental
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acclimation.

Initially divergent groups show temporary convergent adult phenotypes following pulse
thermal events
Reef site characteristics are known to shape adult coral physiology (Castillo &
Helmuth, 2005; Kenkel et al., 2013; Wall et al., 2018), as environmental signals influence
organismal homeostasis (Sokolova et al., 2012) and drive performance through acclimation
(Somero, 2010) and adaptation (Barshis et al., 2018). In Bermuda, the Patch and Rim reef
sites differ in temperature, with Patch reefs historically being warmer and more thermally
variable than Rim reefs (Fig. 1) (Courtney et al., 2017, 2020; de Putron et al., 2017; de
Putron & Smith, 2011; Goodbody-Gringley et al., 2018). The dynamic nature of coral-algal
symbiosis facilitates the ability for corals to inhabit a wide range of environmental
conditions, with plasticity in endosymbiont densities and photosynthetic pigments driven
by light conditions to minimize photo-oxidative damage and maximize photosynthetic
potential (Mccloskey & Muscatine, 1984). Our site of Origin effects appear to be due to
local temperature conditions, as the colonies from the Patch reef had lower endosymbiont
cell density, likely reflective of higher temperature variability and summer temperatures at
that site (Fig. 1). Photophysiological acclimation is well documented in corals, for
example, by differences in key metrics derived from PI curves (i.e., alpha [initial slope of
the PI curve] and Pmax [maximum photosynthetic rate]) in shade versus light adapted
Stylophora pistillata (Falkowski & Dubinsky, 1981). Further, microhabitats of light and
temperature result in photoacclimation of Montipora monasteriata (Anthony & HoeghGuldberg, 2003), with differences in photophysiology due to endosymbiont acclimation,
Symbiodiniaceae diversity, or both. For P. astreoides, limited Symbiodiniaceae diversity
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has been documented, with a dominance of Symbiodinium spp. (ITS2 type A4; LaJeunesse
et al., 2018) in Bermuda (Reich et al., 2017; Serrano et al., 2016; Venn et al., 2006),
reducing the likelihood that interspecific endosymbiont variation contributes to altered
symbiotic phenotypes in this system. With limited site replication, the interpretation of
specific environmental characteristics of the Patch and Rim sites driving our results must
be taken cautiously. For this study, the general thermal history of the colonies are of
interest, rather than specific reef location, thus we have high replication of corals within
the same history analogous to a common garden approach. Therefore, we suggest that
differences in adult P. astreoides endosymbiont density and holobiont protein are due to
long-term press inter-site temperature variations (Fig. 1b, Courtney et al., 2017).
Despite differences in initial traits due to press environments, colonies from both
sites responded similarly to the pulse thermal stress with reductions in gross
photosynthesis, total protein, endosymbiont cell density, and areal chlorophyll a
concentration (Fig. 3). This physiological response to pulse thermal stress is reflective of
other coral bleaching studies, with temperature driving the dysbiosis between the coral and
algal symbiont through increased oxidative damage leading to a reduction of
photosynthetic ability of the holobiont (Cziesielski et al., 2019; Lesser, 2011). Given the
initial differences in adult physiology due to the originating press environment, we
hypothesized there would be differences in thermal performance based on environmental
history (Barshis et al., 2013; Cunning & Baker, 2012; Wall et al., 2018). We posit two
parsimonious explanations that would explain the convergence of responses under this
thermal pulse scenario. First, the similarity in response could be due to limited or no genetic
differentiation between these sites that would have led to local adaptation and the potential
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for divergent responses to increased temperature. In contrast to the concerted response to
thermal stress in our study, differences in adult P. astreoides physiology from inshore and
offshore sites in the Florida Keys were documented in response to increased temperatures,
but the response was attributed to local adaptation of populations between sites (Kenkel et
al., 2013). In Bermuda, P. astreoides is described to have high genetic connectivity among
sites compared to the Florida Keys (Serrano et al., 2016). Our sites were not situated in the
exact locations where Serrano et al. (2016) obtained their samples, therefore we cannot
exclude the potential for local adaptation. However, the documented lack of genetic
differentiation in P. astreoides at multiple sites and across 4-26 meter depths in Bermuda
(Serrano et al., 2016) and the lack of difference in host characteristics due to Origin (Fig.
3), further supports that Origin effects are due to plasticity in photophysiology, not host
genetics.
A second potential explanation for the absence of Origin by Treatment effects, is
that the magnitude and duration of the thermal pulse event was sufficient to cause a strong
and equal endosymbiont response, but had limited impact on the host. Our simulated pulse
event was relative to ~4°C-heating weeks, which is the suggested minimum Degree
Heating Week value for coral bleaching to occur (Liu et al. 2006; Kayanne 2017).
Respiration rate did not change in response to thermal stress (Fig. 3b), potentially
indicating that cellular metabolic demands are still being fulfilled without modifying
respiration rate, as previous studies show an increase in respiration rate in response to
thermal stress (Coles & Jokiel, 1977). As this did not elicit metabolic changes compared
to ambient conditions, we suggest that a pulse event of 30.4°C for 21 days was a moderate
stressor for this species. This is important to note, as the magnitude of thermal stress is
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critical to elicit differential responses to subsequent stressors (Ainsworth et al., 2016).

Press events dictate long term divergent trends in adult phenotypes
Under the press-pulse-press scenario, we determined that adult physiology was
driven primarily by both press events (Origin and Transplantation site) rather than the pulse
event (Treatment; Fig. 5). Endosymbiont cell densities showed a significant interaction
between Origin and Transplant site, with higher endosymbiont cell densities when
transplanted to foreign sites (Fig. 5d). Additionally, cellular chlorophyll a concentration
had a significant interaction between Origin and Transplant site, with higher concentrations
when transplanted to native sites (Fig. 5e). The modulation of cell density and cellular
chlorophyll a concentration has been described as a mode of photoacclimation in response
to changing temperature and light conditions to reduce oxidative stress and maximize
photosynthetic potential (reviewed in Roth, 2014). However, endosymbiont cell density
and cellular chlorophyll a dynamics vary temporally with species and environmental
conditions (Cohen & Dubinsky, 2015; Fitt et al., 2000; Kenkel et al., 2015; Mayfield et al.,
2012; Tamir et al., 2020). Our study showcased a reciprocal response of increased
endosymbiont cell density and reductions in cellular chlorophyll a after a year-long
transplant to a foreign site, rather than a specific environmental regime. This mode of
photoacclimation created significant effects of Origin, Treatment, and Transplant site, but
no interaction, for gross photosynthetic rates (Fig. 5a). The disconnect between
endosymbiont/chlorophyll a dynamics and gross photosynthesis responses could suggest
other modes of photoacclimation may be occurring simultaneously, such as endosymbiont
cell size, photosystem II repair rate, and the number of functional reaction centers
(reviewed in Roth, 2014). Additionally, factors such as skeletal morphology (Marcelino et
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al., 2013), tissue thickness (Wangpraseurt et al., 2012), and endolithic algae (Yamazaki et
al., 2008) can alter light scattering properties leading to differing modes of
photoacclimation and gross photosynthetic rates. However, we provide evidence of strong
intra-generational carryover effects of the site of Origin contributing to a differential
response to the subsequent press environment (Transplant), indicating signatures of press
environmental “memory”.
Respiration rates only showed significant Origin effects (Fig. 5b), demonstrating a
metabolic response that carried over through multiple disturbance events. The limited
response of respiration rates to the subsequent pulse and press events could indicate that P.
astreoides is able to maintain organismal homeostasis over a wide environmental range.
However, this maintenance of respiration with an enhancement in gross photosynthesis due
to the prior pulse heat treatment could have lasting energetic consequences on
physiological and reproductive metrics (Sokolova et al., 2012). Together, the press-pulsepress events on adult P. astreoides physiology provides evidence of (1) carryover effects
of the initial press event dictating the response to a secondary press event (endosymbiont
cell density and cellular chlorophyll a), and (2) carryover of reduced energetic production
from the sub-lethal thermal pulse event (gross photosynthesis), which can impact essential
traits such as reproduction.

Immediate consequences of thermal stress during the brooding period
Previous studies have defined distinct reproductive and offspring physiological
variations between P. astreoides colonies at the Patch and Rim sites. The Patch colonies
were observed to release smaller larvae with lower lipid concentration and symbiont
densities than Rim colonies, consequently, leading to lower settlement success and juvenile
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survivorship rates (de Putron et al., 2017; Goodbody-Gringley et al., 2018). Here we
provide evidence that initially divergent groups converged in terms of adult physiology to
the pulse thermal event (Fig. 3), which would suggest there would be similar impacts on
offspring from the two reefs. Unfortunately, the colonies originating from the Rim site and
subjected to both treatment conditions did not release enough larvae to make any inter-site
comparisons. P. astreoides is known to release larvae over the July, August, and September
new moons in Bermuda (de Putron et al., 2017; de Putron & Smith, 2011), and larval
release is hypothesized to be driven by SST reaching 24.5-27.5°C 30 days prior to the new
moon (McGuire, 1998). Given that summer temperatures are higher at the Patch than the
Rim, the Patch local temperatures may have been appropriate for gametogenesis and
reproduction during this lunar cycle but not at the Rim site. Previous studies have recorded
no differences in fecundity between the Patch and Rim sites (Goodbody-Gringley et al.,
2018) and reproduction did occur the following year post-transplantation. Thus, we suggest
that the low release of larvae from the Rim site is driven by local environmental conditions
offsetting reproductive timing rather than our experimental conditions. Further studies
incorporating multi-month reproductive monitoring of this species replicated across sites
is needed to fully understand the drivers involved in inter-reef reproductive timing
differences.
In the Patch offspring, where we had enough larvae to make a comparison by
Treatment, larval endosymbiont cell density (Fig. 4c) and chlorophyll a concentration
normalized to volume (Fig. 4e) increased when brooded under high temperatures. When
normalized to per larva, endosymbiont cell densities and chlorophyll a concentration
resulted in no significant difference between each parental treatment (Fig. S3). Our

88

findings suggest this pulse thermal stress (i.e. a bleaching event) during the brooding period
does not impact the process of maternal vertical transmission of symbionts to offspring.
Development within the mesenteries is likely to create unique light environments (Enríquez
et al., 2005). Therefore, the maintenance of high endosymbiont densities during thermal
stress at the brooding stage could be a result of limited photosynthetically derived ROS
within the larva in the “shaded” tissues where the gastrovascular cavity is located
(Wangpraseurt et al., 2012, 2016). If the larvae are able to maintain these densities, this
alternative autotrophic energy source may benefit later life stages (Kopp et al., 2016)
without depleting other energy reserves such as lipids (e.g. wax esters) (Harii et al., 2010).
The contrasting impact of thermal stress between parental physiology and reproduction
(i.e. offspring physiology) outlines the resilience of this species by maintaining offspring
development under adverse conditions.

Carryover impacts of press and pulse parental history on larval physiology
Using the press-pulse-press framework, we were able to determine that thermal
press and pulse events on parental colonies have carryover impacts on subsequent offspring
physiology. Larval volume showed a strong site of Origin effect (Fig. 6a), with patterns
reflecting previously recorded size differences at these reef sites (de Putron et al., 2017;
Goodbody-Gringley et al., 2018). Similar linkages between parental metabolic rates and
offspring size have been seen with parental colonies under ambient conditions exhibiting
higher photosynthesis to respiration ratios than parental colonies under high temperature
and PCO2 conditions, resulting in smaller offspring and greater larval size-normalized
respiration rates (Putnam & Gates, 2015). Larvae from parental colonies originating from
the Rim reef did show a positive response (increase in larval volume) to thermal stress
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when experiencing the pulse thermal event and transplanted to the Patch site (Fig 6a). Since
the Patch reef is described to be the more thermally challenging environment (Fig. 1), the
Rim colonies that experienced the thermal stress were able to buffer against the Patch
transplant conditions and produce larger larvae. This enhanced thermal tolerance due to a
history of thermal variability is supported in many coral taxa (Barshis et al., 2013; Safaie
et al., 2018). Our larval phenotype supports a potential positive developmental, or crossgenerational, acclimatory response to thermal stress from the colonies originating from the
Rim reef that has been showcased in other coral species (Liew et al., 2020; Putnam et al.,
2020; Putnam & Gates, 2015).
In contrast to larval volume, the thermal pulse event drove larval symbiont metrics
to converge in the secondary press environment (Transplant site). Offspring from parent
colonies that were subjected to the pulse thermal stress one year before and transplanted to
the Rim site had higher size-normalized endosymbiont cell densities and chlorophyll a
concentration than when transplanted to the Patch site. This mirrors the photophysiological
differences in temperature and light regimes between each reef environment, as shown by
the baseline adult differences (Fig. 3) and previous studies describing offspring
endosymbiont densities between these two sites (de Putron et al., 2017; GoodbodyGringley et al., 2018). Together these results support that interactive carryover from the
parental colony during the pulse thermal event led to a larval response that reflected
phenotypes of the transplant environment rather than site of Origin. The increase in larval
symbiont plasticity and autotrophic capacity could be a beneficial acclimatory mechanism
to facilitate energetic acquisition to enhanced settlement and survivorship rates in the new
environment (Putnam et al., 2020). These results suggest some inheritance of larval
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phenotype from the parental colonies that is derived from the initial press environment,
which may be parental provisioning, genetic, or epigenetic in origin.
P. astreoides is known to be a hermaphroditic brooder (Chornesky & Peters, 1987),
therefore variation in rates of self-fertilization may be a contributing factor to the
differences in larval physiology (Brazeau et al., 1998). Additionally, the transplantation of
the adult P. astreoides colonies may have facilitated assisted crossing of gametes between
colonies from different origins, also contributing to differential larval phenotypes. As
Origin and Treatment signals remained following the press-pulse-press scenario, any
genetic differentiation due to sexual reproduction or genotype effects appears to be
minimal (Serrano et al., 2016) and suggests possible asexual production as seen in other
brooding corals (Combosch & Vollmer, 2013; Yeoh & Dai, 2010). An added complexity
of this brooding system is that the timeline of fertilization, gametogenesis, and larval
development has not been fully described, limiting our mechanistic capacity to disentangle
developmental and cross-generational plasticity (Byrne et al., 2020). It will be critical to
tackle these hypotheses as well in future work.

Conclusions
Our results emphasize the importance of integrating the temporal dynamics into
studies assessing the biological responses of reef-building corals. Through the thermal
press-pulse-press scenario, we were able to disentangle the impact of specific
environmental features on adult and larval life stages and how these features interact
through time. As a result, we documented that the two distinct adult P. astreoides
phenotypes from the Rim and Patch press environments responded similarly to immediate
thermal pulse events. One year later, adult P. astreoides colonies were able to recover from
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a pulse thermal stress and showed signs of photoacclimation to a novel environment. In
contrast, and with associated substantial ecological implications, carryover of the pulse
thermal event was evident in offspring physiology, indicating that temporally distant
parental environments shape offspring phenotypes through acclimation. Pulse thermal
events (i.e. heatwaves) may become more frequent and greater in magnitude, consequently
impacting biological response to chronic press warming and vice versa. Therefore, long
term cross-generational and multi-generational studies are essential approaches to
investigate the cumulative impacts of these signals into physiological and reproductive
outcomes. This temporal, cross-generational perspective of the integration of press and
pulse thermal events is crucial to better understand how current and future generations of
corals will persist with rapid environmental change.
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Figure 1. Environmental characterization of collection sites. (a) Map of the Bermuda
atoll. The red circles indicate the Patch sites, Crescent Reef (temperature data) and Bailey’s
Bay (coral collection site), and the blue triangle indicates the Rim reef site, Hog Reef. (b)
A radar plot showing the ranked comparisons of temperature metrics (described
quantitatively in (c)) of the Patch and Rim reef sites between November 2010 to September
2012. The red lines indicate the Patch reef site (Crescent Reef) and the blue lines indicate
the Rim reef site (Hog Reef). (c) Descriptive statistics of temperature between the Patch
(Crescent Reef) and Rim (Hog Reef) sites between November 2010 to September 2012,
and September 2017 to June 2018. Maximum (°C) refers to the maximum recorded
temperature; minimum (°C) refers to the minimum recorded temperature; seasonal range
(°C) refers to the difference between minimum and minimum temperatures respective to
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site; mean daily range (°C) refers to the average temperature range each day; number of
days above 30°C refers to the number of days where the maximum temperature is >30°C.
Temperature measurements from November 2010 to September 2012 were collected with
HOBO loggers from (Courtney et al., 2017) and from September 2017 to June 2018 were
collected via the NOAA BEACON Buoy program.
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Figure 2. Experimental design. (a) Experimental timeline showing sample collection
times from two origin reef sites (press), treatments (pulse), and transplant site (press). Redoutlined boxes indicate parental colonies originating from or transplanted to the Patch site
and blue-outlined boxes indicate parental colonies originating from or transplanted to the
Rim site. White-filled boxes indicate ambient treatment exposure and grey-filled boxes
indicate high treatment exposure. (b) Temperatures recorded from November 2010 to
September 2012 at the Patch (Crescent Reef) and Rim (Hog Reef) sites. Red lines indicate
the Patch site, blue lines indicate the Rim site. The grey outlines indicate the maximum and
minimum temperatures per day respective to site. The dashed horizontal line indicates the
30°C threshold. (c) Temperature profiles during the 10 day acclimation and 21 day
treatment period in 2017. Ambient treatment is indicated by the black line, heated treatment
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is indicated by the grey line. (d) Boxplot showing the mean temperature differences
between the ambient and high treatments. Solid horizontal bars represent group median
values, the upper and lower sections (box outlines) represent the first and third quartiles,
the whiskers extend to the highest and lowest values within 1.5 times the interquartile
range, and the dots represent data points. Asterisks indicate significant differences (P <
0.001, Mann-Whitney U test). (e) Temperatures recorded from September 2017 to June
2018 at the Patch and Rim reef sites. Red lines indicate the Patch site, blue lines indicate
the Rim site. The grey outlines indicate the maximum and minimum temperatures per day
respective to site.
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Figure 3. Adult “press-pulse” physiology metrics. Adult (a) gross photosynthetic rate,
(b) respiration rate (LEDR), (c) holobiont total protein, (d) endosymbiont cell density, (e)
cellular chlorophyll a content, and (f) areal chlorophyll a content from the press-pulse
scenario. Circles indicate colonies originating from the Patch reef site. Triangles indicate
colonies originating from the Rim reef site. The points in the shaded areas are
measurements taken immediate upon collection before the treatment period and asterisks
indicate significance. The points in the white areas are measurements taken after the
temperature treatment period. The points represent means and the error bars represent
standard error.
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Figure 4. Patch larval physiology during “pulse” thermal treatment. Larval (a)
volume, (b) holobiont total protein, (c) endosymbiont cell density, (d) cellular chlorophyll
a content, and (e) chlorophyll a content normalized to volume measurements from parental
colonies originating from Patch reef site and exposed to ambient or heated temperature
treatment conditions during the brooding period. (f) Photograph of Patch larvae brooded
under ambient temperature treatment. (g) Photograph of Patch larvae brooded under high
temperature treatment. Solid horizontal bars represent group median values, the upper and
lower sections (box outlines) represent the first and third quartiles, the whiskers extend to
the highest and lowest values within 1.5 times the interquartile range, and the dots represent
data points. Asterisks indicate significant differences (P < 0.05).
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Figure 5. Adult “press-pulse-press” physiology metrics. Adult (a) gross photosynthetic
rate, (b) respiration rate (LEDR), (c) holobiont total protein, (d) endosymbiont cell density,
(e) cellular chlorophyll a content, and (f) areal chlorophyll a content from the press-pulsepress scenario. The points represent means and the error bars represent standard error.
Circles and solid lines indicate colonies originating from the Patch reef site. Triangles and
dashed lines indicate colonies originating from the Rim reef site. White points indicate
ambient temperature treatment exposures in 2017. Grey points indicate high temperature
treatment exposures in 2017.
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Figure 6. Larval “press-pulse-press” physiology metrics. Larval (a) volume, (b)
holobiont total protein, (c) endosymbiont cell density, (d) cellular chlorophyll a content,
and (e) chlorophyll a content normalized to volume measurements from the press-pulsepress scenario on the parental colonies. The points represent means and the error bars
represent standard error. (f) The figure legend, where circles and solid lines indicate larvae
from parental colonies originating from the Patch reef site. Triangles and dashed lines
indicate larvae from parental colonies originating from the Rim reef site. White points
indicate ambient temperature treatment exposures on parental colonies in 2017. Grey
points indicate high temperature treatment exposures on parental colonies in 2017. (g) The
larval sample sizes for each parental history group.
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Supplementary Table S1. Larval sampling design post-treatment (2017) separated by
parental colony (Colony ID), main effects (Origin and Treatment) and by date of larval
release. Each “X” represents a triplicate larval sample collected.
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Supplementary Table S2. Larval sampling design post-transplantation (2018) separated
by parental colony (Colony ID), main effects (Origin, Treatment, and Transplant Site) and
by date of larval release. Each “X” represents a triplicate larval sample collected.
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Supplementary Table S3. Mixed effect model parameters and model comparison values
to determine the best model to analyze larval physiology metrics post-transplantation.
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Supplementary Table S4. 2-way ANOVA results from the adult colonies post treatment
period.
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Supplementary Table S5. 3-way ANOVA results for adult physiology posttransplantation.
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Supplementary Table S6. ANOVA results of mixed-effect model selected in table S3 for
larval physiology post-transplantation.
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Supplementary Figure S1. Photosynthesis - photon flux density curve (also known as
photosynthesis-irradiance curve) characterized for (n= 9) P. astreoides corals collected
from the Patch and Rim reef sites to determine light levels for photosynthesis trials. AQY
refers to the apparent quantum yield or alpha, Ik indicates the light saturation point, and Ic
the light compensation point.
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Supplementary Figure S2. A comparison of Porites astreoides larval volume
quantification between larvae that were photographed live and larvae that were
photographed after ~1 month fixed in 10% formalin. Solid horizontal bars represent group
median values, the upper and lower sections (box outlines) represent the first and third
quartiles, the whiskers extend to the highest and lowest values within 1.5 times the
interquartile range, and the dots represent data points.
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Supplementary Figure S3. Larval (a) endosymbiont cell density (103 larva -1, t=-0.91077,
d.f.=32.769, P=0.3691), (b) holobiont total protein (mg larva -1, t=0.48979, d.f.=26.979,
P=0.6282), (c) chlorophyll a content (ng larva -1, t=-0.68968, d.f.=31.622, P=0.4954) from
parental colonies originating from Patch reef site and exposed to ambient or heated
temperature treatment conditions during the brooding period. Solid horizontal bars
represent group median values, the upper and lower sections (box outlines) represent the
first and third quartiles, the whiskers extend to the highest and lowest values within 1.5
times the interquartile range, and the dots represent data points.
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ABSTRACT
Cross-generational acclimatization in corals had been hypothesized as a potential
avenue for resistance and resilience to climate change. Epigenetics mechanisms may
facilitate acclimatization both within and across generations, as epigenetic modifications
can be altered by environmental stimuli, but also have the capacity to be inherited across
generations. This study provides a genome-wide view of DNA methylation patterns
between corals that vary in thermal histories and tests for epigenetic inheritance in the next
generation. Adult Porites astreoides colonies were collected from two thermally distinct
reef sites (inner-lagoon “Patch” reef, and outer-lagoon “Rim” reef), subjected to ambient
(28°C) or heated (31°C) conditions for 21 days as a simulated bleaching event, then
transplanted to the inner-lagoon Patch reef as a common garden recovery period of 11
months. Subsequently, the adult colonies, comprised of four distinct thermal histories
(Patch-Ambient, Patch-Heated, Rim-Ambient, Rim-Heated), were collected, sampled, and
monitored for larval release. Whole genome bisulfite sequencing and ITS2 amplicon
sequencing was performed on each adult and larval pair from the four distinct thermal
histories. Symbiodinium linucheae was the dominant symbiont in all samples regardless of
thermal history or life stage. Global DNA methylation profiles were significantly distinct
between site of origin and life stage from the Principal Component Analysis (PCA). A
Weighted Gene Co-expression Network Analysis (WGCNA) determined five significant
modules (groups of genes) with percent methylation levels that correlated to site of origin,
treatment, and life stage. The genes within the modules correlated to the site of origin were
enriched in functions relating to mitochondrial functionality, and innate immunity,
suggesting epigenetic inheritance of long-term environmental history conditions.
Additionally, modules correlating with larval life stages suggest increased methylation on
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genes relating to lipid catabolism and host cytoplasm. This suggests DNA methylation may
play a role in transcriptional control of symbiotic states and energy utilization, which is
crucial for early developmental life stages. These results provide a mechanistic
understanding of environmental memory in corals and the future persistence of coral reefs
under global climate change predictions.
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INTRODUCTION
In the face of rapid climate change, reef-building corals have been under
unprecedented stress resulting in global population declines of these fundamental
ecosystem engineers (Hughes et al. 2017). Under thermal stress, the coral host experiences
coral

bleaching,

a

disassociation

with

their

dinoflagellate

algal

symbionts,

Symbiodinaceae, resulting in impacted growth (e.g. Mendes and Woodley 2002),
metabolism (e.g. Anthony et al. 2009), reproduction (e.g. Crowder et al. 2014), and
survivorship (e.g. Grottoli et al. 2014). Recent evidence has suggested that corals have
some potential to rapidly acclimatize to stress events within (e.g. Brown et al 2000;
DeCarlo et al. 2019) and across generations (e.g. Putnam and Gates 2015; Liew et al. 2020),
outlining the potential resilience of these species to future climate change projections.
Acclimatization describes the physiological change of an organism in response to
variations in the environment and is often discussed as phenotypic plasticity (Prosser
1991). Physiological change can be rapid and either beneficial, detrimental, or neutral
(Edmunds and Gates 2008). Acclimatization occurring within an adult organism’s lifetime
is referred to as within-generational acclimatization, while the provisioning of these
acquired acclimatory mechanisms to subsequent offspring is referred to as crossgenerational acclimatization (Byrne et al. 2020). Recent studies have identified that crossgenerational acclimatization can facilitate marine organisms to rapidly acclimatize to
environmental change, as parental history can ‘precondition’ offspring to survive and
maintain homeostasis in adverse conditions (Donelson et al. 2018; Putnam and Gates
2015). However, the mechanisms and stimuli that elicit cross-generational acclimatization
remain understudied in marine invertebrates.
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Epigenetic mechanisms, defined as processes involved with the regulation of DNA
without changing base pair sequences (Jablonka and Lamb 2002), can be dynamic and
induced by environmental stimuli, elucidating a potential pathway for rapid acclimatization
to changing environments (Eirin-Lopez and Putnam 2019; Putnam 2021). The epigenome,
consisting of a complete description of all chemical modifications to the DNA, can be
influenced by environmental conditions, resulting in phenotypic differences between
identical genomes (Dixon et al., 2014; Flores et al., 2013). These modifications include
DNA methylation, histone methylation and acetylation, and non-coding RNAs, which all
regulate gene expression and lead to alterations in phenotype (reviewed in Eirin-Lopez and
Putnam 2019). One of the most studied epigenetic mechanisms is DNA methylation, which
refers to the addition of a methyl group on cytosine residues primarily in a CpG context
that generally leads to the repression of gene expression in vertebrates (Klose and Bird
2006). However in invertebrates, DNA methylation is sparse throughout the genome and
generally concentrated in gene bodies, leading to more variable outcomes compared to
vertebrates (Keller, Han, and Yi 2016). DNA methylation in gene bodies has been
hypothesized to fine tune gene expression by reducing transcriptional noise and spurious
transcription, or producing splice variants (reviewed in Roberts and Gavery 2012).
Epigenetic factors, such as DNA methylation, are increasingly being recognized as
fundamental mechanisms for marine organisms’ ability to acclimatize to changing
environments (Eirin-Lopez and Putnam 2019), however the specific role in physiological
outcomes and environmental memory remains unclear.
In corals, it has been shown that DNA methylation patterns are correlated with
changes in phenotypic responses in various environments (e.g. Putnam, Davidson, and
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Gates 2016; Liew et al. 2018; Dixon, Bay, and Matz 2014; Dimond and Roberts 2016,
Liew et al. 2020). A reciprocal transplantation of the mustard hill coral, Porites astreoides,
to a novel environment showcased the epigenetic flexibility of this species, which may
contribute to the high levels of phenotypic plasticity exhibited by this species (Dimond and
Roberts 2020). Beyond a single generation, DNA methylation has been hypothesized to
play a role in cross-generational acclimatization (Putnam and Gates 2015; Putnam et al.
2020). In the only test to date of cross-generational epigenetic inheritance in corals,
populations of Platygyra daedalea from the Arabian Peninsula were sampled from two
locations that differ in temperature and salinity profiles exhibited differential DNA
methylation profiles that were subsequently inherited by their respective offspring at the
sperm and larval stages (Liew et al. 2020). In other marine taxa such as the purple sea
urchin, Strongylocentrotus purpuratus, exposure of parents to various PCO2 and
temperature conditions elicited differential DNA methylation patterning in the offspring
(Strader et al. 2019). Thus, epigenetic factors, especially DNA methylation, may play a
key role in environmental memory and acclimatory outcomes in marine invertebrates
providing rapid adaptive capacity (Torda et al. 2017).
To further clarify the role of DNA methylation in environmental memory and crossgenerational acclimatization across coral taxa, we used an experimental design where adult
P. astreoides colonies from two different reef sites in Bermuda were subjected to a pulse
thermal stress and transplanted to a common garden setting for 11 months (Wong et al.
2021). Physiological results indicated that differential phenotypes emerged from the
manipulated thermal history of these adult colonies and subsequent offspring (Wong et al.
2021). Here we identify genome-wide methylation patterns and the functional role of
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differentially methylated genes in the parental colonies and their larvae from four distinct
thermal histories (Patch-Ambient, Patch-Heated, Rim-Ambient, Rim-Heated) to
understand the legacy of coral bleaching events on molecular level and physiological
levels.

METHODS
Experimental design and sample collection
Adult Porites astreoides colonies and offspring were collected as previously
described in Wong et al. (2021). Briefly, 40 adult corals were collected from two thermally
variable reefs in Bermuda; Bailey’s Bay Reef Flats (n = 20), an inner-lagoon Patch reef
with high temperature variability, and Hog Reef (n = 20), an outer-lagoon Rim reef with
lower temperature variability. At the Bermuda Institute of Ocean Sciences (BIOS), adult
corals were held under ambient conditions (28.5 ± 0.5°C) for 10 days, then were exposed
to ambient (29.2 ± 0.5°C; n=10 per reef site) or heated (30.4 ± 1.0°C; n=10 per reef site)
temperature treatments for 21 days during July 2017. After the pulse temperature
exposures, all fragments of all colonies were transplanted to Bailey’s Bay Reef Flats (the
Patch reef) as a common garden environment for 11 months. In the following year (July
2018), all colonies were collected and transported back to BIOS. Tissue biopsies (~5cm
diameter) were taken the same day of collection via hammer and chisel and immediately
snap frozen in liquid nitrogen and stored at -80°C. Under ambient conditions, larval release
was monitored as described in Wong et al. (2021). If larval release was >100 from each
colony each day, a triplicate sample of 20 larvae was taken and immediately snap frozen
and stored at -80°C.
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For this study, we focused on adult colonies originating from the Patch site which
experienced ex situ ambient conditions (nPatch-Ambient-Adult=4) and ex situ heated conditions
(nPatch-Heated-Adult=4), and colonies originating from the Rim site which experienced ex situ
ambient conditions (nRim-Ambient-Adult=4) and ex situ heated conditions (nRim-Heated-Adult=3).
All parental colonies were sampled after the 11-month common garden transplant. After
the transplantation, one larval sample from each parental colony was used from the peak
day of release for downstream analyses (nPatch-Ambient-Larvae=4; nPatch-Heated-Larvae=4; nRimAmbient-Larvae=4;

nRim-Heated-Larvae=3; Figure 1).

Genomic DNA isolation
Adult genomic DNA for whole genome bisulfite sequencing (WGBS) and ITS2
analyses were extracted from 500 μL of air-brushed homogenate with 1X phosphate buffer
saline that was aliquoted and stored at -80°C. DNA was extracted using the Quick-DNA
Miniprep Plus Kit (Zymo Research) according to manufacturer’s protocols with slight
modifications to the sample preparation and cell lysing steps. First, 500 μL of Biofluid Cell
Buffer Red and 50 μL of Proteinase K was added to the homogenate and incubated at 55°C
for 30 minutes. The lysate was then centrifuged at 8000 rcf for 30 seconds to remove any
debris. 1000 μL of the supernatant was transferred to a new centrifuge tube and the
extraction was continued as outlined in the protocol.
Larval genomic DNA was extracted using the Duet DNA/RNA Miniprep Plus Kit
(Zymo Research) with modifications to the sample preparation steps. First, 500 μL of
DNA/RNA shield and 0.25 μL of 0.5 mm glass beads were added to each vial and vortexed
at max speed for 30 seconds. 400 μL of the supernatant was transferred to a new tube with
40 μL of Proteinase K digestion buffer and 20 μL of Proteinase K. After a brief vortex and
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centrifugation, 460 μL of lysis buffer was added and the extraction was continued as
outlined in the protocol. Adult and larval DNA concentration was quantified using the
Qubit DNA Broad Range kit (Invitrogen) and integrity was assessed on a 1% agarose gel.

Symbiodinaceae ITS2 amplicon preparation, sequencing, and analysis
To characterize the Symbiodinaceae communities, all samples were PCR amplified
using forward ISTintfor2 (5’-GAA TTG CAG AAC TCC GTG-3’) and reverse
ITS2_Reverse (5’-GGG ATC CAT ATG CTT AAG TTC AGC GGG T-3’) primers
(Lajeunesse and Trench 2000) to isolate the entire ITS2 region of nuclear ribosomal DNA
of Symbiodinaceae. For each sample, duplicate PCRs were performed using 4 ng of input
DNA, 1X Phusion HiFi Mastermix (Thermofisher), 0.4 uM of each primer, and Ultra-Pure
water. Negative controls (no template DNA input) were performed with each PCR
amplification. Thermocycler conditions were as follows: initial denaturation at 95°C for 3
min, 35 cycles of 95°C for 30s, 52°C for 30s, and 72°C for 30s, followed by 72°C for 2
min for a final extension. Duplicate PCR products were pooled and run on a 2% agarose
gel to confirm successful amplification.
The 25uL of ITS2 PCR products were sent to the RI-INBRE Molecular Informatics
Core at the University of Rhode Island (RI, USA) for the index PCR and sequencing. In
brief, PCR products from the first round of PCR were cleaned with NucleoMag beads
(Takara Bio, USA) and then visualized by agarose gel electrophoresis. A second round of
PCR (50 ng of template DNA, 8 cycles) was performed to attach Nextera XT indices and
adapters using the Illumina Nextera XT® Index Kit (Illumina, San Diego, CA) and Phusion
HF PCR MasterMix (Thermo Fisher Scientific, US). PCR products from the second PCR
were cleaned with NucleoMag beads and analyzed by agarose gel electrophoresis. Selected
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samples were run on an Agilent BioAnalyzer DNA1000 chip (Santa Clara, CA).
Quantification was performed on all samples prior to pooling using a Qubit fluorometer
(Invitrogen, Carlsbad, CA, USA), and the final pooled library was quantified by qPCR in
a Roche LightCycler480 with the KAPA Biosystems Illumina Kit (KAPA Biosystems,
Woburn, MA). Samples were analyzed using 2x300 bp paired-end sequencing on an
Illumina MiSeq (Illumina, San Diego, CA) at the RI-INBRE Molecular Informatics Core.
Raw FASTQ files were analyzed using the SymPortal analytical framework (Hume
et al. 2019) on the University of Rhode Island High Performance Cluster “Andromeda” in
conjunction with Miniconda3 v4.9.2 to identify ITS2 sequences to the defining
intragenomic variants (DIV) level. DIVs can infer the identity of the ITS2 type and provide
insight on within species variability (Hume et al. 2019). A count matrix containing the
number of DIVs per sample was exported to R (R Core Team, 2013) for statistical analyses.
Relative abundance was calculated, and a square root transformation was performed before
calculating Bray Curtis distance using the ‘vegan’ package (Oksanen et al. 2013) in R. A
heatmap was created to visualize the relative abundances of each DIV across all samples
and a Permutational Multivariate Analysis of Variance (PERMANOVA) was performed
on the Bray Curtis distances with 9999 iterations to determine the any differences in DIVs
between Origin, Treatment, or Life Stage.

WGBS library preparation and sequencing
WGBS libraries were prepared using the Pico Methyl-seq Library Prep Kit (Zymo
Research). Similar modifications to the manufacturer's instructions for library preparation
as in (Trigg et al. 2021) with the addition of the following: an input of 10ng of extracted
DNA was used, 10 PCR cycles were performed for the second amplification, and the i5
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and i7 index primers were combined thus reducing the Library Amp Master Mix (2X) to
13 μL. Library size were confirmed on an Genomic D5000 Screentape on an Agilent
TapeStation 4200 system. A total of 30 libraries were pooled in equimolar amounts before
sequencing on a single Illumina NovaSeq S4 flow cell lane for 2 x 150 bp sequencing at
DNALink.

WGBS preprocessing
The raw WGBS reads were pre-processed using the nf-core/methylseq v1.6.1
bioinformatics pipeline from Nextflow v21.03.0 (P. A. Ewels et al. 2020). Briefly, this
pipeline uses FastQC (Andrews and Others 2010) to quality control raw sequence data and
Trim Galore! (Krueger 2016) to remove the adapters and trim low quality reads. After
multiple testing scenarios, the following clipping parameters were used to retain the highest
number of reads while maintaining quality (i.e. reduce m-bias): --clip_r1 15, --clip_r2 30,
--three_prime_clip_r1 30, --three_prime_clip_r2 15. Bismark (Krueger and Andrews
2011) is then used to generate a reference genome index from the P. astreoides genome
(https://doi.org/10.17605/OSF.IO/ED8XU; Wong and Putnam, 2022), align reads to the
genome index, deduplicate alignments, extract methylation calls, and create a summary
report. Preseq (Daley and Smith 2013) was used to determine sample complexity and
library diversity and MultiQC (P. Ewels et al. 2016) created a comprehensive summary
report of all the sample libraries.

CpG and coverage
Genome-wide CpG coverage was assessed by merging the deduplicated strands and
calculating the total from the CpG coverage reports generated by the Bismark
coverage2cytosine function for each sample. Each sample was sorted using the BEDTools
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v2.27.1 (Quinlan and Hall 2010) ‘sort’ function and filtered for CpG positions with greater
than 5X coverage. CpG positions were annotated with their gene position by using the
intersectBed function in BEDTools v2.27.1 with the P. astreoides genome GFF annotation
file (https://doi.org/10.17605/OSF.IO/ED8XU; Wong and Putnam, 2022). The CpGs were
then filtered to the positions that were present in all samples using the multiIntersectBed
and intersectBed functions in BEDTools v2.27.1 (Quinlan and Hall 2010). All BED files
were exported for further analyses in R (R Core Team, 2013).

Methylation in genomic features
For each lifestage, CpG methylation with 5X coverage was determined for each
genomic feature associated with genes (CDS, exon, 5’ UTR, intron, mRNA, putative
promoter region, 3’ UTR). Background regions were first determined by finding all CpGs
covered by at least 3 samples for each biological group (i.e. Origin-Treatment-Lifestage).
The merged files were sorted with the BEDTools v2.27.1 ‘sort’ function to ensure scaffolds
were in the same order (Quinlan and Hall 2010). CpGs common to all groups in comparison
and positions within genomic features were determined with ‘intersectBED’
(BEDTools/2.27.1)(Quinlan and Hall 2010). Features were retained if there were greater
than 3 CpGs and then exported to R for statistical analyses (below) and plotting.

Weighted gene co-expression network analysis (WGCNA) and Gene Ontology (GO)
enrichment
Mean gene percent methylation was used to perform a Weighted Gene Coexpression Network Analysis (WGCNA)(Pei, Chen, and Zhang 2017; Langfelder and
Horvath 2008) to identify modules (groups of genes) with similar percent methylation
profiles between Origin, Treatment, and Life Stage. First, an unrooted hierarchical tree was
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built using the R function hclust “average” to determine outliers. The function
pickSoftThresholding of the WGCNA package (v1.70.3) was used to construct a
topological overlap matrix similarity network and assess adjacency between soft thresholds
from 1 to 30 (Chille et al. 2021). A soft thresholding power of 5 was chosen (scale-free
topology fit index of 0.8) and used to construct the topological overlap matrix similarity
network with adjacency of type “signed”. The WGCNA package dynamicTreeCut was
used to identify modules from the topological overlap matrix similarity network with
minimum module size of 30. The hclust “average” method was used to cluster the
expression modules by eigengene dissimilarity. Module-trait correlation was assessed by
determining gene significance and module membership (Pei, Chen, and Zhang 2017;
Langfelder and Horvath 2008). The module-trait correlation values were plotted as a
heatmap with the package complexHeatmap and the modules were divided into clusters
with the function row_split of complexHeatmap to highlight changes in expression by
Origin, Treatment, or Life Stage variables (Figure 4).
The function of the genes within the WGNCA modules that were significantly
correlated (p < 0.05) to any of the dependent variables were determined through a gene
ontology enrichment analysis using R package GOseq (Young et al. 2010) with a Wallenius
approximation method to determine the enriched GOSlim categories. GO terms with an
overrepresented p < 0.05 were considered significant. The overrepresented p-value for each
GO term and GO Slim Bin category was plotted for each significant module. (Figure 5).
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RESULTS

Symbiodiniaceae strains differ between life stage rather than thermal history
Of the 30 ITS2 amplicon sequencing libraries, 1,629,881 reads aligned to 11 ITS2
DIVs using SymPortal (Hume et al. 2019). One sample from the Patch-Ambient larval
group (P-6) aligned to no ITS2 DIVs, due to either failed library preparation or low number
of ITS2 reads. Associations with Symbiodinium linucheae (ITS2 type A4; LaJeunesse et
al. 2018) were predominant in Porites astreoides across all thermal histories and life stages
(98.9%, Figure 2). However, cryptic lineages of Breviolum spp. (ITS2 type B; LaJeunesse
et al. 2018), Cladocopium spp. (ITS2 type C; LaJeunesse et al. 2018), and Durusdinium
spp. (ITS2 type D; LaJeunesse et al. 2018) were detected in low abundances (0.83%,
0.16%, 0.02%, respectively, Figure 4). There was a significant difference in S. linucheae
lineages between life stages, with the DIV A4-A4.3-A4e-A4a-A4o dominating most adults
and the DIV A4-A4.3-A4a-A4e-A4s dominating larval samples (PERMANOVA p(Life
Stage) = 0.007; Supplementary Table 1).

Porites astreoides DNA methylome
From the 30 paired-end DNA methylation libraries, 558,845,496 raw reads were
generated. Following filtering for 5X coverage across all samples, 7.75% of the P.
astreoides genome was methylated. Of the genic regions, majority of methylated CpGs
occurred in coding sequencing (CDS; 27.79%), exons (29.97%), and introns
(24.98%)(Supplementary Figure 1, Supplementary Table 2).
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Global mean percent methylation
After filtering, 103,636 CpGs were common between all samples. Of these CpGs,
global methylation profiles indicted a strong Origin effect on PC1 explaining 29.13% of
the variation (PERMANOVA p < 0.001) and Life Stage effect on PC2 explaining 11.58%
(PERMANOVA p < 0.001; Figure 3). There was a marginal effect of Treatment
(PERMANOVA p = 0.096), with greater variation between the Rim ambient and heated
groups compared to the Patch (Figure 3).

WGCNA and GO Enrichment
From the WGCNA, 21 modules were identified, of which 5 were significantly
correlated to the Origin, Treatment, or Life stage variables (Figure 4). The brown module
consisted of 253 genes and mean percent methylation of these genes were positively
correlated with the Patch samples (p < 0.001) and negatively correlated with the Rim
samples (p < 0.001; Figure 4). The significantly enriched gene ontology (GO) terms of the
genes within the brown module suggested biological processes relating to protein
autoprocessing (GO:0016540), molecular functions relating to catalytic activity
(GO:0003824), hydrolase activity (GO:0016787), magnesium ion binding (GO:0000287),
NAD+ nucleosidase activity (GO:0003953), Notch binding (GO:0005112), and structural
constituent of ribosome (GO:0003735), and cellular components relating to the
nucleoplasm (GO:0005654), endoplasmic reticulum membrane (GO:0005789), and
cytosol (GO:0005829)(Figure 5A).
The grey60 module consisted of 65 genes and mean percent methylation of these
genes were positively correlated with the Rim samples (p < 0.001) and negatively
correlated with the Patch samples (p < 0.001; Figure 4). The significantly enriched GO
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terms of the genes within the grey60 module suggested biological processes relating to
negative regulation of transcription by RNA polymerase II (GO:0000122), rDNA
heterochromatin assembly (GO:0000183), cis assembly of pre-catalytic spliceosome
(GO:0000354), ameboidal-type cell migration (GO:0001667), hematopoietic progenitor
cell differentiation (GO:0002244), and signal transduction (GO:0007165), molecular
functions relating to AMP-activated protein kinase activity (GO:0004679), nuclear export
signal receptor activity (GO:0005049), GTPase activator activity (GO:0005096), and ATP
binding (GO:0005524), and cellular components relating to gamma-tubulin complex
(GO:0000930)(Figure 5C).
The tan module consisted of 102 genes and correlated with both Origin and Life
stage groups, with mean percent methylation of these genes positively correlated with the
Patch (p = 0.005) and Larvae samples (p = 0.002), and negatively correlated with the Rim
(p = 0.005) and adult samples (p = 0.002; Figure 4). The significantly enriched GO terms
of the genes within the tan module suggested biological processes relating to in utero
embryonic development (GO:0001701) and deoxyribonucleotide biosynthetic process
(GO:0009263), molecular functions relating to nucleotide binding (GO:0000166), nucleic
acid binding (GO:0003676), DNA binding (GO:0003677), DNA-directed DNA
polymerase activity (GO:0003887), cytochrome-c oxidase activity (GO:0004129),
procollagen-proline

4-dioxygenase

activity

(GO:0004656),

and

ribonucleoside-

diphosphate reductase activity, thioredoxin disulfide as acceptor (GO:0004748), and
cellular components relating to histone acetyltransferase complex (GO:0000123) and
mitochondrial respiratory chain complex I (GO:0005747)(Figure 5B).
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The black module consisted of 140 genes and mean percent methylation of these
genes were positively correlated with the adult samples (p < 0.001) and negatively
correlated with the Larvae samples (p < 0.001; Figure 4). The significantly enriched GO
terms of the genes within the black module suggested biological processes relating to
histidine

biosynthetic

process

(GO:0000105),

spliceosomal

complex

assembly

(GO:0000245), response to reactive oxygen species (GO:0000302), negative regulation of
transposition, DNA-mediated (GO:0000335), pseudouridine synthesis (GO:0001522), and
blood vessel maturation (GO:0001955), molecular functions relating to microfilament
motor activity (GO:0000146), exo-alpha-sialidase activity (GO:0004308), ErbB-2 class
receptor binding (GO:0005176), and lipid transporter activity (GO:0005319), and cellular
components relating to X chromosome (GO:0000805), and host cell cytoplasm
(GO:0030430)(Figure 5D).
The cyan module consisted of 75 genes and mean percent methylation of these
genes were positively correlated with the Ambient treatment samples (p = 0.05) and
negatively correlated with the Heated treatment samples (p = 0.05; Figure 4). The
significantly enriched GO terms of the genes within the cyan module suggested biological
processes relating to ribosomal large subunit export from nucleus (GO:0000055), negative
regulation of transcription by RNA polymerase II (GO:0000122), phragmoplast assembly
(GO:0000914), ossification (GO:0001503), response to hypoxia (GO:0001666), cell
activation (GO:0001775), positive regulation of cell-matrix adhesion (GO:0001954), and
negative regulation of B cell apoptotic process (GO:0002903), molecular functions relating
to nucleic acid binding (GO:0003676), and voltage-gated chloride channel activity
(GO:0005247), and cellular components relating to nucleotide-excision repair factor 3
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complex (GO:0000112), Golgi cis cisterna (GO:0000137), vacuolar proton-transporting
V-type ATPase, V1 domain (GO:0000221), and SWI/SNF superfamily-type complex
(GO:0070603)(Supplementary Figure S2).

DISCUSSION
This current work is the first to assess genome-wide methylation responses of
natural and manipulated thermal histories and from adults to their offspring in the reefbuilding coral Porites astreoides. This molecular dataset is complementary to Wong et al.
(2021), where they described the physiological differences in adult and larval life stages as
a result of pulse and press thermal histories. The present work tests the potential role of
epigenetic patterning in environmentally induced phenotypes. Here, we observed
methylation patterns were predominantly driven by long term press environments (i.e. site
of origin) and life stage. The origin specific methylation patterns present in both parental
colonies and subsequent larvae were on genes associated with regulating innate immunity
and mitochondrial functionality, which is indicative of the more variable Patch reef
environment. Life stage specific differential methylation patterns were related to energy
utilization and symbiosis, which outlines the critical role of DNA methylation in larval
development and also adult homeostasis. Together, these results further support the
potential for epigenetic inheritance in corals and the importance of DNA methylation in
environmental memory and acclimatization.
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Homogeneity of Symbiodiniaceae profiles between adult and larval thermal histories
As corals are holobionts, it is essential to determine their Symbiodiniaceae type,
which could potentially influence these phenotypes and epigenomes. Recent studies have
demonstrated that DNA methylation profiles in Montastrea cavernosa shift when in
symbiosis with Cladocopium compared to Durusdinium (Rodriguez-Casariego et al. 2022),
thus outlining the influence of symbiont type on DNA methylation. Here we determined
that Symbiodinium linucheae (ITS2 type A4; LaJeunesse et al. 2018) is the dominant
endosymbiont type across all thermal histories and life stages, however two defining
intragenomic variants (DIVs) of S. linucheae are specific to each life stage (Figure 2). The
dominance of S. linucheae aligns with other studies of P. astreoides in Bermuda. Similar
patterns have been observed in P. astreoides across different depths in Bermuda, with
shallow reef environments (<10m) harboring predominantly Symbiodinium spp. in addition
to Breviolum spp. (ITS2 type B; LaJeunesse et al. 2018), whereas mid (15-20m) and deep
(>25m) colonies only harbor Symbiodinium spp. (Serrano et al. 2016). At the same Rim
reef site (Hog Reef), P. astreoides primarily harbors Symbiodinium spp., in addition to
Breviolum spp., and Cladocopium spp. (ITS2 type C; LaJeunesse et al. 2018) during adult
life stages, however Symbiodinium spp. has higher fidelity in larval life stages (Reich,
Robertson, and Goodbody-Gringley 2017). Given that we observed life stage differences
in DNA methylation patterns (Figure 3), we cannot exclude the influence of endosymbiont
differences as in Rodriguez-Casariego et al. (2022). However, since our observed
endosymbiont type differences were at the strain (DIV) level opposed to the genus level in
Rodriguez-Casariego et al. (2022), we suggest that the variation in DNA methylation
between life stages is more likely to be attributed to key developmental processes rather
than endosymbiont types.
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Porites astreoides DNA methylome characterization
Approximately 7.75% of all CpGs in the P. astreoides genome were methylated,
which is comparable to other coral and model cnidarian species that also used whole
genome bisulfite sequencing (WGBS) methods: Stylophora pistillata (7%; Liew et al.
2018), Platygyra daedalea (3.20%; Liew et al. 2020), Montipora capitata (11.5%; Trigg
et al. 2021), Pocillopora acuta (2.9%; Trigg et al. 2021), Exaiptasia pallida 6.27%; Li et
al. 2018). In contrast, these methylation levels are much lower than other studies that
assessed DNA methylation using reduction based methods such as methyl-binding domain
bisulfite sequencing (MBD BS) in Montastraea cavernosa (19%; Rodriguez-Casariego et
al. 2022) and EpiRAD in P. astreoides (18.6%; Dimond and Roberts 2020). These reduced
representation methods of DNA methylation would possibly skew genome wide percent
methylation higher due to selectively enriching for methylated regions and only sequencing
a fraction of the genome.
In contrast to vertebrate systems, invertebrate genomes are sparsely methylated and
generally concentrated within gene bodies, which can reduce spurious transcription and
variability, and produce splice variants through alternative splicing (Keller, Han, and Yi
2016; Mandrioli 2004; Roberts and Gavery 2012). This current study focuses on gene body
methylation, as recent studies have shown the positive correlation between differential
gene expression (DEG) and DMGs in the model cnidarian E. pallida (Li et al. 2018). In
contrast, other studies have found no correlation between methylation patterns and gene
expression, however these studies used reduction-based DNA methylation library
preparation methods (Rodriguez-Casariego et al. 2022; Dixon et al. 2018). Although our
initial goal was to analyze both gene expression and DNA methylation of all samples, the
RNA from airbrushed samples was too degraded for high quality library preparation and
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sequencing. However, while we did not quantify gene expression, the gene ontology of
each associated DMG can still provide a comprehensive view of how differential
methylation of genes with specific biological functions can relate to the phenotypic
outcomes seen by different thermal histories.

DNA methylation patterns and genetic diversity
Our results suggest that global DNA methylation profiles are strongly influenced
by site of origin, even though all parental colonies experienced the same transplant
environment for 11 months (Figure 3). The PCA1 axis describes the variation due to site
of origin and similarly showcases the similarity in DNA methylation profiles between adult
and larval pairs (Figure 3). This suggests that there is a genetic basis for differential DNA
methylation due to different populations between the two reef sites, or long term “press”
environments create differential methylation profiles that are able to sustain more recent
thermal stress events. In corals, it has been demonstrated that DNA methylation profiles
are highly influenced by genotype. For example, P. astreoides in Belize, genetic and
epigenetic (DNA methylation) measurements were positively correlated using the EpiRAD
approach (Dimond and Roberts 2020). Similarly, in P. daedalea adult, sperm, and larval
stages, originating reef site and parental colony (i.e. genotype) were strong predictors of
the DNA methylation profiles (Liew et al. 2020). Since P. astreoides in Bermuda are
expected to have high population connectivity across reef sites compared to the rest of the
Caribbean (Serrano et al. 2016), population effects due to local adaptation between
colonies originating from the Patch and Rim sites is unlikely.
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Origin specific DNA methylation patterns are heritable through life stages
Origin specific differences were the main driver in defining the methylation
patterns across adult and larval samples, which also corresponds to the physiological
differences observed in (Wong et al. 2021). Higher gross photosynthetic and respiration
rates were observed in adult colonies originating from the Rim site, but higher total protein
was observed in adult colonies originating from the Patch site post transplantation.
Additionally, larger larval volume and increased endosymbiont cell density in larvae were
observed with parents originating from the Rim site (Wong et al. 2021). The Patch
environment (Bailey’s Bay Reef Flats) is an inner lagoon reef that experiences higher
annual temperature fluctuations and mean summer temperatures (Wong et al. 2021), higher
turbidity (de Putron, de Putron, and Smith 2011; Samantha Julie de Putron and University
of Wales Swansea. School of Biological Sciences 2003), and higher chlorophyll, which are
all expected to impact the physiology of P. astreoides (Courtney et al. 2017). This long
term press (origin) environment also has lasting impacts on the methylome of P. astreoides,
as percent methylation of genes relating to innate immunity and mitochondrial function
were positively correlated in the Patch samples compared to the Rim (Figure 4, Figure
5A,B). Since the Patch site is a more thermally variable environment, increased
methylation of immune related genes (notch binding), and mitochondrial functionality
(mitochondrial respiratory chain complex I and cytochrome-c oxidase activity) could
potentially fine tune expression levels to aid in neutral or beneficial acclimatization. First,
notch signaling has been shown to play a key role is cnidarian innate immunity, specifically
wound healing in Nematostella vectensis (DuBuc, Traylor-Knowles, and Martindale 2014)
and pathogenic stress (Anderson et al. 2016). Second, mitochondrial activity is a critical
factor in organismal metabolism and can be directly impacted by temperature. Thermal
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stress has been shown to elicit mitochondrial degradation in symbiotic cnidarians, thus
understanding processes that maintain mitochondrial integrity under stress may define host
thermal limits (Dunn et al. 2012). One essential protein, cytochrome c, is critical for
mitochondrial functionality through electron transport, scavenging reactive oxygen
species, and apoptosis (Skulachev 1998). Therefore, fine tuning the expression of
cytochrome c may be an important aspect for acclimatizing to high thermal variability
environments such as the Patch reef. Together, these results suggest that parental colonies
originating from the Patch site have distinct methylation patterns that involve genes
responsible for acclimatizing to more variable and challenging conditions.

Differential gene methylation patterns across life stages
The role of DNA methylation is critical in an organism's early development,
however in marine invertebrates it is still not well understood. In the eastern oyster,
Crassostrea gigas, gene expression of homeobox orthologues is influenced by DNA
methylation, outlining the importance of epigenetic mechanisms regulating transcription
during early developmental stages (Riviere et al. 2013). Analysis of gene expression
patterns from fertilization to larvae of the Hawaiian coral M. capitata detected changes in
epigenetic enzymes that are responsible for de novo methylation (DNMT3A), maintenance
(DNMT1), and removal (TET1), supporting the regulatory role of methylation during these
developmental stages (Chille et al. 2021). To our knowledge, only one other study has
assessed DNA methylation patterns of scleractinian corals across multiple life stages,
where they concurrently observed inheritance of DNA methylation pattern from adults to
larvae in addition to life stage effects (Liew et al. 2020b). In this study, we observed higher
mean percent methylation on genes relating to host cell cytoplasm in the larval samples
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(Figure 4, Figure 5D). The algal symbiont cell is located within the host cytoplasm and the
host cell changes the shape and mobility under symbiosis (Kawamura et al. 2021).
Therefore, transcriptional regulation of the host cytoplasm through DNA methylation may
be related to the cellular adjustments needed to maintain increased Symbiodiniaceae
density between adult and larval life stages. Additionally, the GO enrichment analysis
suggests that the larval samples had increased methylation on genes relating to lipid
transporter activity (Figure 5D). Although P. astreoides larvae do have vertically
transmitted Symbiodiniaceae, brooded coral larvae can catabolize lipid stores as a main
source of energy (Harii, Yamamoto, and Hoegh-Guldberg 2010). Therefore, the changes
in methylation between adult and larval life stages may also lead to the catabolism of
different sources of energy such as lipids. Together, we determined distinct DNA
methylation patterning between adult and larval life stages that control symbiotic states
and energy utilization. These results provide further evidence of the regulatory role of DNA
methylation in coral development.

Conclusion
This study examined DNA methylation as a result of thermal history across two life
stages in the coral P. astreoides to understand the functional role of differentially
methylated genes contributing to environmentally induced phenotypes. We provide
evidence of DNA methylation differing due to long term environmental history persisting
through time and correlating to coral phenotypic variation between reef sites (Wong et al.
2021). This DNA methylation may be fine tuning transcriptional responses that would aid
in surviving the more variable or dynamic Patch reef conditions. Additionally, we
determined differences in DNA methylation profiles between adult and larval life stages,
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outlining the importance of epigenetic mechanisms in early life stage development and the
need to assess epigenetic mechanisms across development in a variety of coral taxa.
Understanding how thermal stress impacts reef-building corals over multiple generations
at a molecular level will help us forecast the lasting consequences of bleaching events and
future reef conditions.
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Figure 1. Experimental design describing the manipulation of parental colony thermal
histories and larval collection. Briefly, adult coral colonies were collected from two
thermally distinct reef sites, Hog reef (Rim) and Bailey’s Bay (Patch), and subjected to a
21 day ambient (28°C) or heated (31°C) condition. Following exposure, adult colonies
were transplanted to Bailey’s Bay (Patch) site for 11 months for a common garden recovery
period. Following the common garden transplant, all adult colonies were re-collected and
biopsied for molecular analyses. Reproduction was monitored and larval samples from
each parent colony were obtained.
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Figure 2. A heatmap showing the relative abundance of ITS2 defining intragenomic
variants (DIV) types for each sample. PERMANOVA results indicate a significant
difference between life stages (p = 0.007, Supplementary Table 1).
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Figure 3. A principal component analysis of percent methylation of each CpGs (>5X
coverage) shared by all samples. Open points indicate samples originating from the Patch
site and closed points indicate samples from the Rim site. Blue points represent samples
that experienced ambient conditions (28°C) and red points indicated samples that
experienced the heated (31°C) condition. Square points indicate adult samples and triangle
points indicate larval samples.
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Figure 4. Heatmap of the Weighted Gene Co-expression Network Analysis (WGCNA)
module-trait correlations. Correlation values range from -1 (dark blue) to 0 (white) to +1
(red). The main dependent variables are shown on top, with the specific variable grouping
on the bottom. Highlighted and bolded cells indicate significant modules (p < 0.05).
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Figure 5. Significant gene ontology enrichment terms for the genes within the A) Brown,
B) Tan, C) Grey60, and D) Black WGCNA modules. Red circles indicate biological
process terms, green circles indicate cellular compartment terms, and blue circles represent
molecular function terms.
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Supplementary Table S1. ITS2 PERMANOVA results.
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Supplementary Table S2. Percentage of methylated CpGs for each genomic feature
within genic regions across each life stage.
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Supplementary Figure 1. Percentage of methylated CpG in each genic genomic feature
for adult and larval life stages.
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Supplementary Figure 2. Significant gene ontology enrichment terms for the genes within
the Cyan WGCNA module. Red circles indicate biological process terms, green circles
indicate cellular compartment terms, and blue circles represent molecular function terms.
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APPENDICES
A. INTRODUCTION AND REVIEW OF THE PROBLEM
Coral reefs are complex ecosystems that support global fishery species, protect
islands and coasts from shoreline erosion, and increase local tourism (Costanza 2014).
Scleractinian corals live in a close symbiotic relationship with a unicellular, photosynthetic
dinoflagellate in the family Symbiodinaceae, which supplies an essential source of carbon
to the coral host (reviewed in Dubinsky and Stambler 2010). Additionally, corals are also
associated with a suite of microorganisms such as bacteria, algae, viruses, fungi, and
protists. The collective unit of all organisms with the coral is considered the “coral
holobiont”. All members of the holobiont play a critical role in host organismal
functionality (Voolstra et al. 2021) and response to environmental change (Santoro et al.
2021), enabling survival for a sessile marine invertebrate to survive in a range of
environmental conditions.
Within the past decade, global coral cover has rapidly declined due to the rapid
change in ocean chemistry and temperature (Hughes et al. 2017). Under stress conditions
(e.g. high light and temperature) the coral-algal symbiotic relationship is disrupted through
the accumulation of reactive oxygen species (ROS) and cellular damage, leading to the
dissociation of Symbiodinaceae from the host coral (Ainsworth et al. 2008). The reduction
in photosynthetically derived carbon from the Symbiodinaceae decreases the potential
energy available to the host and therefore the ability of the coral to maintain cellular
homeostasis, growth, and reproduction (reviewed in van Oppen and Lough 2008).
Ultimately, the prolonged nutritionally starved state of bleached corals increases the
susceptibility to additional stressors and decreases the probability of survival (Brown
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1997). However, recent evidence suggests that not all corals experience thermal stress
similarly, as differential bleaching responses to environmental stress across coral species
(e.g. Grottoli et al. 2014), populations (e.g. Barshis et al. 2013), and individuals (e.g.
Matsuda et al. 2020). Variation in thermal resilience can be driven by acclimatization,
which is elicited through repeat exposures (Brown et al. 2000; Ainsworth et al. 2016) or
reef sites with higher thermal variability (Oliver and Palumbi 2011; Bay and Palumbi 2014;
Barshis et al. 2013). Therefore, to understand the outcomes of global warming on coral
reefs, we must understand the drivers and mechanisms leading to acclimatization.
The acclimatory mechanisms leading to phenotypic traits can be provisioned to
subsequent offspring, which is referred to as cross-generational acclimatization (Byrne et
al. 2020). In marine invertebrates, the inheritance of physiological traits through crossgenerational acclimatization is hypothesized to be facilitated by non-genetic mechanisms
such as epigenetics (Hackerott et al. 2021; Putnam 2021; Eirin-Lopez and Putnam 2019).
Epigenetics, the chemical modification of the DNA to regulate transcription (Jablonka and
Lamb 2002), can be altered by environmental stimuli and inherited across generations,
therefore a likely candidate mechanism to enable cross generational acclimatization (EirinLopez and Putnam 2019). However, the drivers that elicit changes in the epigenome and
the functional role leading to differential phenotypes remains unclear in non-model
organisms such as corals.
Although extensive research has been done regarding thermal stress in corals, our
understanding of the mechanisms modulating coral response to thermal stress due to
environmental history both within and across a generation are limited. The goals of my
dissertation are to address the following objectives: 1) understand how aspects of the coral
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holobiont and metabolism contribute to bleaching variability within the same generation,
2) assess the capacity for and outcomes of cross-generational acclimatization potential in
corals and, 3) assess the role of DNA methylation as a mechanism of environmental
memory in corals across generations.

B. LIMITATIONS
To progress science forward, it is essential to discuss the limitations and potential
improvements of scientific work, such as this dissertation. Here, I outline the specific
limitations and discuss future directions for each presented dissertation chapter.
For Chapter 1, the main caveat is the no tank replication, which limits our
interpretation for any thermal stress (i.e. ambient vs heated) comparisons. However, the
focus of this experiment was on the differential phenotypes that emerged within the same
condition. A similar approach was used in Pootakham et al. (2019), where they had one
tank per ambient and heated condition to assess coral microbiome shifts during thermal
stress. Allowing for these corals to experience the exact same treatment conditions allows
a unique insight into how differential phenotypes can emerge under the same conditions.
P. astreoides is known to selectively reduce picoplankton in surrounding seawater
(McNally et al. 2017), therefore having the same water source and tank environment may
be critical when assessing the role of the microbiome on coral phenotypes. Another
limitation for this chapter is not directly quantifying lipid concentrations. Both total protein
and carbohydrates were quantified in this experiment, however the measuring lipid content
would create less assumptions about energy utilization. Finally, the identification of
Symbiodinaceae was not assessed in this chapter due to the failure in sequencing the ITS2
region in samples with low endosymbiont densities. The ITS2 region is similar to the P.
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astreoides mitochondrial DNA, therefore more selective PCR conditions and extensive
troubleshooting is needed to successfully sequence ITS2 regions in these samples.
Different Symbiodinaceae types would explain the differences in endosymbiont
carbohydrate content and potentially mortality and survivorship outcomes if symbiont
shuffling occurs (Berkelmans and van Oppen 2006). To our knowledge, ITS2 sequences
of severely bleached P. astreoides have not been reported in the literature, highlighting the
difficulty of this approach for this species.
Since Chapters 2 and 3 are derived from the same experiment, I will discuss the
limitations of both chapters together. The main caveat of both chapters is that the genetic
identity (i.e. genotype) of each parental colony was not identified, thus the physiological
variables and DNA methylation patterns attributed to origin effects cannot be differentiated
between the long term press environment or genotypic variation. This limitation also
applies to the inheritance of DNA methylation patterns between adult and larvae, as the
PCA (Chapter 3, Figure 3) indicates similarity between adult-larval pairs. With wholegenome bisulfite data, it is possible to extract single nucleotide polymorphism (SNP) data
with approaches such as BS-SNPer (Gao et al. 2015) and BS-SNP (Liu et al. 2012). These
bioinformatic methods will be explored prior to manuscript publication.
Another interpretation of both chapters that was not explored was the potential for
bet hedging as a strategy for acclimatization (Simons 2011; Donelson et al. 2018).
Differences in brooded coral offspring have been observed to have differential phenotypes
depending on the day of release (Edmunds, Gates, and Gleason 2001) and response to
environmental stressors (Cumbo et al. 2013). In our experiments, P. astreoides was
observed to release larvae over a 10 day period, therefore it is likely this phenomenon also

172

occurs in this system. Although the research in this dissertation is novel, examining
differential phenotypes through bet hedging and the mechanisms involved (i.e. DNA
methylation) would further our understanding of the resilience of brooding corals like P.
astreoides.
Finally, as mentioned in Chapter 3, RNA sequencing would be highly beneficial in
all chapters to create linkages between physiology and the molecular approaches used
within this dissertation. DNA methylation is hypothesized to be correlated with gene
expression (Li et al. 2018), however this is a relatively new concept in corals and also has
contrasting evidence (Dixon et al. 2018; Rodriguez-Casariego et al. 2022). Additionally,
the metabolome can provide valuable information on the metabolism of corals, however
these metabolites are largely unannotated compared to transcriptomes in non-model
organisms such as corals. This further supports the notion for multi-omic integration to
understand the function of unknown metabolites and the role of DNA methylation in
resulting phenotypes through the integration of transcriptomics.

C. SPECULATIVE DISCUSSION AND THEORETICAL IMPLICATIONS
This body of work provides foundational knowledge on the mechanisms linking
coral physiological outcomes under thermal stress to specific molecular mechanisms. With
the increased availability and decreased cost of sequencing, coral reef science has pushed
towards discovering the mechanistic basis of resilience to climate change (Cowen, KleinSeetharaman, and Putnam 2021). Here, I will outline how this work could be used in future
studies to advance our knowledge of coral bleaching across generations and the potential
actions to mitigate against climate change.
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In Chapter 1, the variability of coral bleaching outcomes was assessed, and
Chapters 2 and 3 described the lasting impacts of bleaching across generations. With the
increased frequency of marine heat waves (Safaie et al. 2018), it would be beneficial to
describe the impacts of secondary bleaching events. For example, in Acropora aspera, a
sub-lethal thermal stress followed by a 14 day recovery period exhibited a reduced number
of dead host cells compared to naive colonies when exposed to an additional intense
thermal stress (Ainsworth et al. 2016). However on longer time scales, it is still predicted
that consecutive yearly bleaching events delays the energetic recovery time needed to
survive sequential stress events, thus limiting acclimatization potential and leading to
increased mortality (Matsuda et al. 2020; Ritson-Williams and Gates 2020).
Species-specific differences in repetitive annual bleaching events indicate that high
energetic reserved and plasticity of dominant algal symbionts are predictors of bleaching
susceptibility (Grottoli et al. 2014), however the molecular linkages to environmental
memory and survivorship remain unclear. Therefore, to understand the lasting impacts of
marine heatwaves on corals, we must design experiments that allow us to determine the
necessary recovery time needed between high intensity bleaching events and what cellular
mechanisms lead to resilience. This will allow us to better predict the future state of coral
reefs under various climate change scenarios thus dictating marine management decisions.
A common theme linking the results of all three chapters is the pivotal role of
energy utilization for physiological outcomes. Although energy utilization through
catabolism of proteins, carbohydrates, and lipids can maintain cellular homeostasis, the
role of metabolism influencing other molecular factors, such as epigenetics, is understudied
in marine invertebrates. The study of metabolic-epigenetic interactions examines the
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potential pathways relating the change in metabolites produced by mitochondrial
respiration to altered epigenetic states (Wallace and Fan 2010). This metabolic-epigenetic
model can be used to understand the mechanisms of acclimatization in corals under
dysbiosis. For example, under ambient conditions where the coral-algal symbiosis is
present, the algal symbiont is able to provide glucose that can be used by the coral
mitochondria, which through cellular respiration produces S-adenosylmethionine (SAM)
which is a primary metabolite co-factor for DNA methyltransferase (DNMT) enzymes
(reviewed in (Bergman and Cedar 2013). A second example is under initial dysbiosis
(“bleaching”) scenarios, where the breakdown of photosystem II in the algal symbiont
releases ROS, which damages the symbiont and host organelles. Additionally, coral
mitochondria under high temperature conditions can also leak ROS, resulting in increased
organelle damage. Mitochondrial damage and reduction of glucose by dysbiosis will limit
the biosynthesis of SAM, resulting in the inability to maintain DNA methylation
patterning. This information is critical in understanding the avenues of acclimatization in
corals and the role of epigenetic inheritance in cross-generational acclimatization.
With the increasing ability of molecular sequencing for non-model organisms,
further knowledge gaps are created. The primary roadblock in current coral molecular
analyses is focused around the lack of robust genomic annotations (e.g. gene functions or
metabolite identification). In Chapter 1, many of the significantly correlated metabolites
resulting from the DIABLO analysis were unannotated features, indicating that these
compounds did not match any model-organism derived database. This issue is also evident
in transcriptomic analyses, as some genes are highly correlated with thermal stress response
but have no annotated function, which are referred to as “dark genes” (Cleves, Shumaker,
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et al. 2020). New techniques such as integrative network analysis (Pathmanathan et al.
2021), single cell sequencing (Traylor-Knowles, Rose, and Palumbi 2017; Levy et al.
2021), and reverse genetics (e.g. CRISPR/Cas9 gene editing; Cleves, Tinoco, et al. 2020)
have been recently suggested in corals to understand functions of genes related to stress
response. This increased knowledge of gene and metabolite function would be of great
value to the coral scientific community, as this would elucidate the genomic basis of coral
resilience to climate change.
Together, this dissertation adds valuable knowledge to understanding the lasting
impactions of bleaching events within and across generations utilizing integrative ‘omic
tools and statistical approaches. Future research can build off this data by incorporating
experimental designs that extend into re-exposures to test further environmental memory
and acclimatization. Additionally, the integration of metabolic features and epigenetics
may play a crucial role in understanding coral resilience to climate change, as both
variables separately contribute to differential phenotypes in this dissertation. Finally, the
push for annotating essential genes and metabolites that are correlated with stress responses
will aid in the mechanistic understanding of coral bleaching and resilience. This knowledge
can be applied to conservation efforts such as evidenced-based coral restoration and
propagation through selecting colonies with known resilience at physiological and genomic
levels. This dissertation adds valuable knowledge to the greater coral biology scientific
community to forecast the future persistence of coral reefs under climate change
predictions.
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